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Part  I. 


SOME    NOTES    ON    ELECTRICAL    METHODS    OF    MEASURING    BODY 

TEMPERATURES. 

By  Robert  S.  Whipple,  Member. 

[Paper  first  received  4  March,  and  in  final  form  27  May,  1919;  read  at  a  Joint  Meeting  of  The  Institution  and  the 
Royal  Society  of  Medicine  (Electro-Therapeutics  Section)  21  March,   1919.] 


The  first  obser\'ers  to  determine  by  electrical  means 
the  temperature  of  animal  tissues  were  Becquerel  and 
Breschet  *  (1S33),  who  made  use  of  a  single  pair  of 
copper-steel  couples.  The  cold  junction  was  main- 
tained at  a  constant  temperature  (to  within  o-i  degree 
C.)  by  means  of  a  thermostat  invented  by  M.  Sorel. 
The  thermo-couple,  which  was  pointed,  was  thrust 
into  the  tissues  of  the  animal  the  temperature  of  which 
was  being  investigated.  Some  experiments  made  by 
Doctors  J.  Simon  and  E.  Montgomei-y  (i860)  with 
platinum  and  iron  thenno-couples  used  differentially 
with  an  astatic  galvanometer,  proved  that  an  inflam- 
matory process  involves  a  locsd  production  of  heat. 
Other  observers  worked  intermittently  with  electrical 
thermometers  from  this  date  up  to  1908,  when  the 
late  Professor  .\.  Gamgee  commenced  his  researches 
on  the  subject,  with  a  thoroughness  and  enthusiasm 
that  broke  down  the  experimental  diflSculties  of  the 
research.  In  a  paper  on  the  subject  of  CUnical  Ther- 
mometry t  be  dealt  with  the  history  of  the  subject 
and  pointed  out  the  importance  of  the  study  of  body 
temperatures,  especially  with  a  view  to  the  study  of 
the  preliminary  stage  of  phthisis.  He  says  "  the 
motive  which  urged  me  to  make  the  sacrifices  of  all 
kinds  which  this  research  has  involved,  was  the  intense 
desire  to  study  for  the  first  time,  and  in  an  elaborate 
manner,  the  normal  curve  of  the  temperature  of  man, 
and  thereafter,  in  the  first  instance,  the  changes  which 
that  curve  exhibits  during  the  very  earhest  stages 
of  pulmonary  consumption  and  of  surgical  tuberculosis, 

•  I  am  indebted  to  a  paper  by  Professor  G.  Sims  Woodhead  and  Dr.  P.  C. 
Varrior-Jones  for  this  reference.  Their  paper,  which  is  entitled  "  Investiga- 
tion? on  Clinical  Thennometr\-,"  is  an  exhaustive  summary  of  the  subject.  It 
fully  explains  the  apparatus  used  and  discusses  from  the  medical  point  of  view 
the  results  ob^^ined  with  the  recording  thermometers.  It  also  contains  a  full 
bibliography.  (See  the  Lancei  for  22  January-,  5,  12.  and  26  February,  and 
4  March,  1916,  and  al«o  a  reprint  of  the  articles  publisled  as  a  bulletin  from 
the  Pathological  Department,  University  of  Cambridge.) 

t  A.  Gamgee  :  "  On  Methods  for  the  Continuous  (Photographic)  and  Quasi- 
Continuous  Registration  of  the  Diurnal  Curve  of  the  Temperature  of  the 
Animal  Body,"  Philosopkicat  Transactions  of  the  Royal  Society,  Series  B, 
vol.  200,  p.  219. 
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when  the  organism  is  the  prey  of  the  tubercle  bacUlus 
alone  and  not  yet  subject  to  a  '  mixed  infection  '  ; 
for  I  had,  by  long-continued  observations  carried  out 
with  the  chnical  thermometer,  ascertained  the  utter 
want  of  precision  and  insight  which  at  present  prevails 
in  reference  to  the  very  earhest  stages  of  phthisis, 
when  phj'sical  signs  are  yet  almost,  or  completely,  in 
abeyance,  and  when  the  cough,  the  anitmia,  the  loss 
of  llesh,  and  slight  temperature  abnormaUties  are  the 
only  guides  the  physician  has  to  rely  upon."  Only 
those  who  knew  him  well  know  what  very  considerable 
sacrifices  they  were  to  wliich  he  refers. 

After  a  great  deal  of  consideration  Gamgee  decided 
to  adopt  thermo-electric  couples  in  preference  to  resist- 
ance thermometers,  and  I  tMnk  it  will  be  generaUy 
agreed  that  for  work  of  liigh  precision  his  decision 
was  a  correct  one.  The  construction  of  his  apparatus 
is  fuUy  explained  in  his  paper,  but  it  may  be  of  interest 
to  give  a  short  description. 

The  thermometers  used  were  of  two  kinds,  one  for 
taking  the  temperature  of  the  surface  of  the  sltin  and 
the  second  for  the  temperature  of  the  ca^^ties  of  the 
body.  The  materials  of  which  the  thermo-electric 
couples  were  made  were  copper-constantan,  materials 
which  long  experience  has  shown  form  one  of  the  most 
satisfactory  themio-elements. 

In  a  thermo-electric  couple  temperatures  are  deter- 
mined by  measuring  the  electiomotive  force  in  the 
circuit,  this  bearing  a  definite  relation  to  the  diflerence 
in  temperature  between  the  two  junctions  of  the  circuit. 
This  necessitates  the  control  of  the  temperature  of  one 
of  the  junctions,  generallj'  the  colder  of  the  two  and 
hence  referred  to  as  the  "  cold  junction,"  the  difference 
in  temperature  between  it  and  the  hot  junction,  \iz. 
the  thermometer  in  contact  with  the  human  body, 
being  determined  by  the  electromotive  force  recorded 
by  the  gal\-anometer. 

Gamgee   placed   his   cold   junction   in   a  water  bath 
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heated  by  a  gas  burner,  the  height  of  the  flame  being 
controlled  by  a  sensitive  toluol  regulator,  the  temper- 
ature of  the  bath  remaining  constant  to  witliiu  o-oi 
degree  C.  during  periods  of  lo  to  15  days.  The  con- 
struction of  this  water  bath  is  simple.  It  consists 
of  a  double-walled  copper  vessel  (Fig.  1),  the  space 
between  the  walls  being  filled  with  a  heat-insulating 


toluol.  The  chamber  or  tube  containing  the  toluol  is 
closed  by  a  small  mercury  column.  Any  change  in 
the  temperature  of  the  toluol  causes  a  \^ai"iation  in  its 
volume,  and  hence  a  mosement  of  the  mercury 
meniscus.  This  meniscus  opens  or  closes  a  small 
aperture  admitting  gas  to  the  burner  imder  control. 
The   temperature   at   which   the   regulator  controls   is 


Fig.  I. — Thermostat  for  controlling  the  temperature  of  the  cold  junctions. 


material  such  as  kicsclgiihr,  the  inner  vessel  containing 
about  50  litres  of  water.  The  bath  is  heated  by  six 
■mall  luminous  gas  flames.  When  the  constant  temper- 
ature at  which  the  bath  is  to  be  maintained,  viz. 
36-5 '■•  C.  (9^-4'  F.),  has  been  reached,  five  of  the  burners 
are  extinguished  and  one  is  left  alight,  the  gas  supply 
to  it  being  conlrollccl  by  the  regulator.  This  regulator 
if  the  well-known  type  designed  by  Lowry  and  consists 
of  a  glau  tube  bent  in  tiic  form  of  a  helix  containing 


adjusted  by  means  of  a  screw  which  raises  or  lowers 
the  mercury  meniscus,  thus  altering  the  temjicrature 
at  which  the  aperture  is  closed  or  opened.  The  cold 
junction  of  the  couple  is  placed  in  a  glass  tube  con- 
taining oil,  the  standard  merrury-in-glass  thermometer 
being  cither  placed  in  the  same  tube  or  in  the  water 
batli  outside  it. 

Woodhead  and  Varrier-Joncs,  who  later  on  continued 
Gamgce's  work,  showed  that  the  regulator  was  exceed- 
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ingly  sensitive  to  variations  in  gas  pressure,  but  bv 
.placing  the  cold  junction  in  a  vacuum  llask  immersed 
in  the  water  bath  they  introd\iced  so  much  lag  between 
it  and  the  water  that  the  temperature  reniained  con- 
stant over  long  periods  of  time  to  within  o-oi  degree  C* 

There  is  no  doubt  it  would  be  a  considerable  help 
towards  maintaining  a  constant  temperature  if  the 
gas  supphnng  the  controlled  burners  could  be  taken 
from  a  small  gasometer  which  is  independent  of  the 
variations   in   pressure   of  the   town   gas-supply. 

If  it  is  more  convenient  to  heat  the  water  bath  elec- 
trically, a  modified  fom\  of  toluol  regulator  fitted 
with  platinum  contacts  so  that  the  mercury  opens 
or  closes  an  electric  circuit  may  be  emploj'ed.  This 
circuit  brings  into  operation  a  sensitive  relay,  which 
in  turn  makes  or  breaks  the  current  in  the  heating 
circuit.  Mechanical  stirring  can  be  avoided  by  the 
■use  of  shghtly  compressed  air  allowed  to  bubble  tluough 
the  water.  A  simple  water-pump  actuated  by  the 
town   water-supply   will   give  sufficient   air   pressure. 

The  Ther.mo-couples. 

A  great  many  types  of  therm.o-couples  for  deter- 
mining the  skin  temperatures  were  de\'ised  by  Gamgee, 
Woodhead,  and  \'arrier-Jones,  but  the  simplest  model 
of  all  de\-ised  by  the  latter  and  shown  in  Fig.  2,  has 
proved  to  be  the  most  satisfactory.  It-  consists  of  a 
copper-constantan    couple,     the    wires    of    which    are 


Fig.  2. — Surface  thermo-couple. 

o-l  mm.  (0-004  in.)  in  diameter  mounted  between  two 
pieces  of  canvas  embedded  in  rubber  and  vulcanized. 
The  approximate  dimensions  of  the  couple  are  50  mm. 
Xsnim.  X2-5  mm.,  the  couple  or  junction  of  the  two 
wires  being  exposed  on  the  surface  of  the  rubber.  Stouter 
wires  are  soldered  to  the  fine  couple  \vires,  and  these 
iu  turn  are  attached  to  the  leads  connected  to  the 
recording  galvanometer. 


could  be  obtained,  but  the  patient  soon  tires  of  keeping 
his  arm  fixed.  The  difficulty  in  the  lower  limb  is  not 
so  great,  as  even  with  considerable  movement  of  the 
leg  or  tliigh  little  displacement  of  the  thermometer 
occurs  and  there  is  no  inrush  of  cold  air."  The  author's 
own  experiments  confirm  tliis  statement.  The  diffi- 
culty in  obtaining  satisfactory  records  of  the  axilla 
temperatures  is  largely  on  account  of  the  anatomy 
of  that  part  of  the  body.  In  the  axilla  the  folds  of 
skin  are  more  or  less  tightly  drawn  over  that  part, 
thus  forming  a  smooth-walled  cavitj^,  whereas  in  the 
groin  there  are  scrotal  folds  which  impinge  upon  the 
inner  side  of  the  tliigh,  thus  affording  adequate  pro- 
tection against  the  inrush  of  air.  The  folds  of  skin 
in  thiis  part  thus  form  a  natural  covering  for  the  ther- 
mometers, and  it  is  when  this  covering  is  obtained 
that  the  results  are  so  satisfactory.  The  rectal  ther- 
mometer as  used  by  \\'oodhead  and  \'arrier-Jones  is 
very  similar  to  that  designed  by  Gamgee.  It  consists 
of  a  No.  6  rubber  catheter  (Fig.  3),  the  couple  or  junction 
being  embedded  in  the  eye  of  the  catheter  and  the 
surrounding  space  filled  with  rubber  solution  wliich 
has  been  allowed  to  dry.  The  junction  is  brought 
Hush  with  the  surface  of  the  rubber  tube,  where,  although 
fully  exposed,  it  can  do  ro  damage  to  the  wall  of  the 
rectum.  Experience  has  shown  that  the  thermometer 
may  be  left  in  the  rectum  without  causing  inconveni- 
ence to  the  patient  for  24  hours  or  more. 

The  wires  leading  from  the  thermometer  are  attached 
to  the  thigh  of  the  patient  by  strapping,  and  are  led 
in  spirals  fiom  the  bed  to  the  recording  apparatus. 
This  thermometer  also  has  a  lag  of  about  two  minutes. 


The  Recordi.vg  Apparatus. 

This  consists  of  a  moving-coil  galvanometer  of  the 
D'Arsonval  type,  the  movements  of  which  are  recorded 
either  photographically  or  autographically  by  an  ink- 
ing deWce.  In  the  former  method  the  movements  of 
the  coil  are  indicated  by  the  action  on  photographic 
paper  of  a  beam  of  light  refiected  from  a  mirror  carried 
by  the  galvanometer  coil.     The  record  is  a  continuous 


JtLrLction 
of  couple 


N?6  rubber  catheter 

/ 


Fig.  3. — Rectum  thermo-couple. 


When  referring  to  this  thermometer  \\'oodhead  and 
^'arrier-Jones  state  : — "  In  a  thermometer  of  this  type 
the  lag  is  less  than  a  couple  of  minutes,  the  instrument 
is  flat,  not  too  large,  easily  fixed  to  the  skin  in  the 
axilla  or  groiii  or,  indeed,  any  part  of  the  body  by 
means  of  a  little  strip  of  plaster  ;  and  causing  no  incon- 
venience to  the  patient,  is  admirably  adapted  for  taking 
surface  temperatures."  In  a  later  part  of  the  paper 
the  authors  state  that  they  discontinued  the  axillary 
record  as  they  "  found  it  impossible  to  keep  the  ther- 
mometer in  proper  contact  with  the  skin  for  any  pro- 
longed   period.     For    short    periods    admirable    records 

•  "  Investigations  on  Clinical  Thermometry,"  p.  38. 


one,  as  the  coil  is  free  to  move  and  the  beam  of  light 
is  thrown  continuously  on  the  photographic  paper. 

In  the  autographic  method  the  galvanometer  coil 
carries  a  pointer  about  150  mm.  long,  the  extremity 
of  which  is  depressed  at  intervals  (generally  every 
minute)  by  a  clockwork  or  an  electrical  mechanism 
on  to  either  an  inked  thread  or  typewriter  ribbon, 
which  in  turn  makes  an  inked  mark  on  the  paper  wrapped 
round  the  rotating  drum.  As  this  method  of  recording 
is  an  intermittent  one  it  was  referred  to  by  Gamgee 
— and  the  expression  has  been  repeated  by  subsequent 
authors — as  "  quasi-continuous." 

The  photographic  recorder  as  developed  by  Gamgee 
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was  a  very  efficient  instrximent.  It  is  explained  in 
detail  in  liis  pap>er  •  and  is  diagramniatically  illus- 
trated in  Fig.  4.  The  galvanometer  was  of  the  sensitive 
moWng-coil  t\-pe,  10-5  ohms  in  resistance,  and  gave 
a  detlectioa  of  12  mm.  per  micro- volt  on  the  photo- 
grai)hic  paper,  wliich  was  116  cm.  from  the  galvano- 
meter. The  electromotive  force  given  for  a  copper- 
constantan  couple  is  about  40  micro-volts  for  a  temper- 
ature difference  of  i  degree  C.  It  was  necessan,-  there- 
fore to  place  manganin  resistances  in  scries  with  the 
galvanometer  coil  to  reduce  the  sensiti\-ity  of  tlie 
galvanometer  and  also  to  reduce  the  temperature 
coefficient  of  the  circuit. 

The  manganin  resistance  was  made  adjustable  so 
that  varjang  degrees  of  sensitivity  could  be  obtained. 
A  sensitivity  of  about  40  mm.  per  degree  C.  was 
frequently  employed,  although  for  special  cases  120  mm. 
per  degree  C.  could  be  used.  The  bromide  photo- 
grapliic  paper  (200  mm.  wide)  was  moved  by  clock- 
work at  a  rate  of  i  mm.  per  minute.  By  means  of 
a  shutter  a  beam  of  light  from  a  fixed  mirror  was 
occulted  everi,'  half-hour  so  that  a  time  scale  was 
marked  on  every  record  sheet.  This  record  also  formed 
the  zero  reference  line,  the  distance  of  any  point  on 
the  temperature  curve  from  it  being  a  measure  of  the 
temperature  at  that  point.  The  optical  arrangements 
of  this  instrument  were  particularly  simple  and  efficient. 
The  source  of  illumination  was  a  Ncmst  lamp,  and 
the  image  of  a  slit  in  front  of  the  lamp  fell  on  a  very 
narrow  horizontal  slit  placed  close  to,  and  in  front 
of,  the  photograpliic  jjaper.  Owing  to  the  fact  tJiat 
quartz  mirrors  platinized  o\\  the  front  surface  were 
employed,  and  that  no  light  was  lost  by  absorption  in 
intermediate  lenses,  the  definition  of  the  records  was 
exceptionally  good.  A  reproduction  on  a  reduced 
scale  (half  full  size)  of  a  small  piece  of  a  record  is  given 
in  Fig.  5.t  This  shows  well  the  sensitivity  of  the 
apparatus. 

In  accurate  research  work  no  autographic  recorder 
can  compare  with  a  iiliotograpliic  one,  but  it  is  cumber- 
some and  the  cost  of  running  it  is  too  great  for  ordinary 
clinical  work.  Gamgce  himself  felt  this,  and  in  liis 
paper  referring  to  one  of-  tlic  autographic  recorders  he 
states  that  "  it  is  my  opinion  that  .  .  .  the  thread 
recorder  of  Mr.  Hoi  ace  Darvvin  will  be  the  practical 
instrument  of  clinical  investigation."  J 

The  thread  recorder  to  which  Gamgce  refers  is  one 
variety  of  a  number  of  quasi-continuous  recording 
moving-coil  galvanometers.  As  a  large  number  of 
these  instnimcnts  arc  in  use  for  recording  temjicratures, 
and  sc\cral  for  the  recording  of  body  temperatures, 
it  may  be  of  interest  to  describe  the  instrument  in  some 
little  detail,  more  particularly  as  the  instrument  is 
also  used  with  icsistance  thermometers  for  reconling 
body  temperatures.  The  essential  parts  of  the  instru- 
ment are  shown  in  Fig.  6.  It  consists  of  a  moving  coil  T 
suspended  between  tlie  jioles  of  a  pcniianent  magnet  N  S. 
A  pointer  V.  is  attached  to  the  coil  and  overhangs  the 
papci'  on  which  the  record  is  to  be  made.  This  paper 
is  wrapped  round  a  drum  which  rotates  by  clockwork 

*    rhUwtpkiail  Tranucli<M$,  Sain  D,  vol.  900,  p.  131. 

t  Thit  filmic,  u  "HI  at  I'lu.  7,  i»  rcr"'*!"^'^  ^y  'he  courtny  o(  the  Royal 

Soortv. 
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once  in  25  hours.  Immediately  over  the  paper  an 
inked  thread  B  is  stietched  parallel  to  the  axis  of  the 
drum.  A  presser  bar  C  is  placed  above  the  galvano- 
meter pointer  and  this  bar  is  nonnally  held  free  of  the 
pointer  by  means  of  the  cam  mounted  on  the  shaft  D. 
Every   60   seconds   the   cam   makes  half  a  revolution. 


lowed  by  a  rise  in  temperature  from  104-2='  F.  to  about 
105-3°  F-.  probably  in  great  measure  accounted  for  by 
the  incessant  coughing  of  the  patient.  At  1.25  a.m. 
a  dose  of  the  hospital  '  linctus,'  containing  12  drops  of 
liq.  morph.  hydroch.,  was  administered.  The  cough  was 
almost  at  once  reUeved,  and  at  3.25   a.m.   the  patient 


3p-ni.. 


5p3n. 


Fig.  5. — Temperature  record  obtained  with  the  photographic  recorder  (half  full-size). 


allowing  the  presser  bar  to  fsdl  upon  the  pointer  E  and 
then  raising  it  again  to  its  normal  height.  As  the 
presser  bar  falls  it  depresses  the  pointer  on  to  the  drum, 
nipping  the  inked  thread  between  the  pointer  and  the 
paper.  This  produces  a  dot  upon  the  paper  at  the 
point  of  the  intersection  of  the  pointer  and  the  thread, 
thus  making  a  \isible  record  of  the  instantaneous 
deflection  of  the  galvanometer.  In  the  intervals 
between  the  production  of  the  dots  the  galvanometer 
is,  of  course,  free  to  take  up  its  true  deflection  without 
frictional  errors.  Owing  to  the  slow  rate  at  which  the 
drum  rotates,  12-5  mm.  per  hour,  the  dots  made  by  the 
galvanometer  boom  pressing  upon  the  inked  thread 
once  a  minute  coalesce  into  an  almost  continuous 
curve  (see  Fig.  7).  In  the  other  t>-pe  of  quasi-contin- 
uous recorders  a  typewriter  ribbon  is  used  instead  of 
the  inked  thread.  This  has  the  drawback  that  the 
ordinates  of  the  curve  obtained  aie  circular  and  not 
rectangulcir.  The  sensibiMty  obtained  on  one  of  these 
recorders  when  used  with  a  copper-constantan  couple 
is  more  than  sufficient  for  clinical  work,  viz.  12  mm. 
deflection  on  the  record  sheet  for  a  change  in  temperature 
of  I  degree  C. 

Fig.  7  is  a  reproduction  of  a  record  obtained  by 
Gamgee,  and  the  following  note  with  regaird  to  this 
record  appears  in  his  paper  *  : — 

"  The  curve  in  a  case  of  pneumonia,  almost  certainly 
of  tubercular  origin,  taken  %vitli  the  thread  recorder. 
At  10  p.m.,  paracentesis  of  the  left  pleural  cavity  was 
performed  to  withdraw  the  greater  part  of  a  large 
effusion    which   had    formed.     The   operation   was   fol- 

•  Philosophicai  Transactions,  Series  B,  vol.  200,  p.  2^0. 


fell  asleep,  when  the  temperature  sank  almost  suddenly, 
as  shown  by  the  curve,  to  100-5°  F-  This  curve,  which 
represents  aU  the  temperature  changes  during  38  hours 
30  minutes,  illustrates  admirably  the  value  of  the 
method  of  registration  under  discussion."  Unfortu- 
nately it  has  only  been  possible  to  reproduce  the  first 
few  hours  of  this  record.  The  fuU  record  is  given  in 
the  paper  mentioned. 

As  pre\iously  stated  Gamgee,  after  a  great  deal  of 
thought,  decided  to  adopt  the  thermo-electric  couple 
in  preference  to  the  resistance  thermometer,  belie\-ing 
that  the  small  mass  of  the  couple  would  enable  him 
to  measure  temperature  changes  more  rapidly  than 
the  resistance  thermometer  which,  of  necessity,-,  must 
be  larger  than  the  couple.  At  the  time  he  knew  the 
work  cairied  out  by  Professors  Athvater  and  Benedict,* 
and  he  also  knew  that  Sir  Ronald  Ross  had  used  a 
resistance  thermometer  t  and  CaUendai-  recorder  to 
obtain  continuous  temperature  curves.  Callendar — 
who  has  carried  resistance  thermometry  to  its  present 
high  state  of  perfection — also  devoted  a  great  deal 
of  time  to  the  designing  of  resistance  thermometers  for 
clinical  work.  In  his  Presidential  Address  to  the 
Physical  Society  in  i9io,|  which  was  also  a  memorisil 
lecture  to  Professor  Gamgee,  he  described  the  various 
thermometers  he  had  made,  and  discussed  their  relative 
advantages.     He  mentions  that  Gamgee  "  had  become 

•  For  a  summary  of  their  work  see  "  A  Respiration  Calorimeter  with 
Appliances  for  the  Direct  Determination  of  Oxygen,"  by  W.  O.  Attwater  and 
F  G  B™edict.     Published  by  the  Carnegie  Institution  of  Washington,  1905. 

' t  The  Platinum  Thermometer  anJ  Callendar's  Electric  Recorder  for  obtam- 
ing  continuous  clinical  temperatui-e  charts.  Lancet^  i.  585. 

J  H.  L.  Callexdar:  Proceedings  of  the  Physical  Society  oj  Loiyton,  1910, 
vol.  22,  p.  220. 
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convinced  that  the  thermo-electric  method  was  unsuit- 
able for  general  use,  on  account  of  the  delicacy  of  the 
apparatus,  and  the  necessity  of  emplo>-ing  an  elaborate 
thermostat.  ...  In  the  appUcation   of  the  resistance 


of  the  quasi-continuous  tj-pe  and  not  very  dissimilar 
to  the  thread  recorder,  with  the  exception  that  the 
ordinates  were  circular  and  not  rectangular.* 

Experience  has  shown  that  if  a  rectal  thermometer 
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Fig.  6. — Essential  parts  of  thread  recorder. 


method  no  thermostat  was  required,  and  it  was  easy 
to  obtain  a  tenfold  larger  deflexion  with  the  same 
galvanometer."      Woodhead    and    X'arricr-Jones    also 


is  used,  the  resistance  coil — assuming  it  is  correctly 
designed  and  made — follows  the  temperature  changes 
in  the  body  without  appreciable  lag.     The  mass  of  the 


106 

105 
104 

103 
102 
lOI 
100 

99 

98 


II      Mid'rit 


10 


Incessant  coui 


CL 


ougl\  after  paidcentesis 

'        "^^  '^Dose  of  linctus' 


r 


„.6J&15t£. 


Fig.  7. — Kccord  obtained  with  a  thermo-couple  and  thread  recorder  (lull  sire). 


came  to  the  same  conclusion  and  decided  to  use  resist- 
ance thermometers. 

In   the  inteival   between   tliesc  workers  Eichler  and 
Schcmcl  V.     ■  nctcrs  and  a 

Siemens  a:  1  some  excel- 

lent rccordk  ol  body  tciii]>«.iatuici>.     ihe  recorder  was 


thcnnomcter  is  small  compared  with  the  mass  of  the 
human    body.      11    the   protecting   tube   of   the    ther- 

•   Tl.^  H***  n*»*Hnflil«imp  'W  M^ffrnl^mprrahir  Hiirrh    vt>r«rhi(HlniP  h>tlr3* 
til. I  \      '      ■  '     ■        ■•       ■     ■         ■■  '"    '    -  rrgisiiirr- 

ai'i  •.     '9". 

I.r,  mit  dcm 

I'lrlrf-i   :(,;iMm-i  .-ipCMt  ,n  \   'ii  --I'lii'it     Mil  i   \\A\   k''  i"i  %  ■  [%■  iim'.  i' urn  uydrOtbcfA- 

rml»rli™  Muuuhmrn.     Ilerlin,  Khn.  H'oiVmrfcr.  191J,  v..l.  49,  p.  to. 
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mometer  is  made  of  a  good  heat  conductor,   such  as  For  cUnical  work  the  resistance  thermometer  offers 

silver,  the  thermometer  attains  the  body  temperature  the  great  advantage  that  the  apparatus  is  robust  and 

rapidly,   especially  as  it  is  moistened  with  the  mucus  simple, 

of  the  rectal  passage.  The  thermometer,  the  particular  design  of  which  is 


Eli.H. 
Hica  frame  with  pUtimim  wire  5mm.  diameter 

Fig.  8. — Rectum  resistance  thermometer. 
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Fig.  9. — Diagram  of  resistance  thermometer  circuit. 


As  has  been  pre\iously  explained,  the  difficulties 
of  making  satisfactory'  surface  thermometers  and  of 
attaching  them  to  the  patient  are  considerable,  and 
need  therefore  not  be  discussed  in  connection  with 
resistance  thermometers,  where  the  difficulties  are  even 
greater  than  with  thermo-couples. 


due  to  Dr.  \arrier- Jones,  is  shown  in  section  in  Fig.  8. 
The  essential  part  of  the  thermometer  is  a  fine  platinum 
wire  wound  round  a  mica  frame  in  the  form  of  a  cross, 
the  coil  on  its  frame  being  enclosed  in  a  silver  tube. 
This  tube  is  constricted  so  that  it  may  not  irritate 
and   thus   stimulate   the   contraction   of   the   sphincter 
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nm<cle.  The  thermometer  coil  is  connected  b)-  com- 
•  heavy   copper   leads   to   the  instrument   oa 

\  icmpverature  is  to  be  recorded.     The  electrical 

details  of  the  arrangement  are  shown  diagrammatically 
in  Fig.  9.  The  anangement  consists  of  a  Wheatstone 
bridge  in  which  the  therm(?metcr  forms  one  arm, 
balancing  coils  being  airanged  in  the  opposite  arm  to 
balance  the  resistance  of  the  thermometer  at  any 
predetermined  temperature.  Ratio  coils  of  equal 
resistance  and  of  approximately  the  same  resistance 
as  tlie  thermometer  are  inserted  in  the  other  arms  of 
the  bridge.  It  will  be  observed  tliat  in  addition  to 
the  Ic.ids  attached  to  the  thermometer  coil  two  other 
leads,  or  compensating  leads,  are  carried  fiom  the 
thermometer  to  the  recorder.  These  leads  are  short- 
circuited  near  the  bulb  of  the  thermometer,  and  are 
introduced  into  the  opjHJsite  arm  of  the  bridge  to 
compensate  for  the  eflect  of  changes  in  temperature 
on  the  leads. 

The  galvanometer,  which  is  of  the  mo\ing-coil  tv-pe, 
is  connected  across  the  arms  of  the  bridge  and  it  is  the 


shown  symmetrically  oa  both  sides  of  the  diagram,  are 
placed  in  the  zero  positions.  It  will  be  observed  that 
the  thermometer  coil  and  its  leads,  and  the  corresponding 
balancing  coils  and  compensating  leads,  are  then  cut 
out,  the  ratio  coils  Ijeing  balanced  against  the  coils  Rj 
and  R4.  If  when  the  switch  is  closed  the  galvanometer 
is  not  deflected,  the  electrical  zero  is  correctly  adjusted. 
If  it  is  deflected,  the  sUder  s  is  moved  on  tho  sUde  wire 
until  balance  is  restored.  The  instrument  must  then 
be  adjusted  so  that  the  galvanometer  coil  is  deflected 
tlu-ough  a  definite  angle  for  a  given  change  in  the 
resistance  of  the  thennometer.  Experience  showed 
that  the  making  of  the  test  by  heating  or  coohng  the 
thermometer  was  tedious,  and  as  tlie  test  should  be 
made  every  24  hours  it  was  advisable  to  introduce 
a  test  resistance  which  would  be  equivalent  to  cin 
increase  in  the  resistance  of  the  thermometer  for  a 
given  change  in  temperature.  In  practice  a  manganin 
coil  having  a  resistance  equal  to  the  increase  in  resist- 
ance of  the  thermometer  coil  for  a  rise  in  temperature 
of  10  degrees  F.  is  used.     This  is  marked  "  calibrating  " 
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Fig.  10. — Record  obtained  with  a  resistance  thermometer  and  thread  recorder  (about  half  full-size). 


deflections  of  the  coil  that  are  recorded.  For  the  small 
angle  through  which  the  coil  is  deflected  (ma.ximum 
a1x>at  25°)  the  deflections  are  proportional  to  the  amount 
the  bridge  is  out  of  balance,  \-iz.  to  the  change  in  resist- 
ance of  the  thermometer  coil  with  a  given  change  in 
t<»mperature.  In  a  direct  deflection  method  such  a.s 
It  is  obvious  that  the  galvanometer  deflection 
■  depend  on  the  electromotive  force  of  the  battery, 
and  what  few  complications  there  arc  in  the  apparatus 
have  had  to  be  introduced  to  control  this.  The  method 
of  adjusting  the  apparatus  is  simple. 

lielore   the   battery   circuit   is  closed,   viz,    with   the 

su-itch  in  the  "  off  "  posibon,  the  zero  of  the  galvano- 

1      ■'■  ''-rmined.      This   should    be    on    the    line 

•   to  th"  lowp^t  temperature   (say  96°   F.) 

I.     If  it  is  not,  the  pointer 

It-sircd  position  by  rotating 

tfie   torsion    head    from   wluch   the   galvanometer   coil 

M  sutjiciidcd. 

The  electrical  zero  of  the  bndgc— the  one  in  wliich 
no  current  i«  pasiung  through  the  galvanometer  coil 
wli'-n  the  battery  switch  is  clowd— is  then  determined, 
ihc  plugd  attached   to  the  heavy  flexible  leads,   and 


and  is  shown  in  the  right  of  the  diagram.  When  this 
is  introduced  the  galvanometer  should  be  deflected  and 
the  pointer  should  read  106^  F.  If  it  reads  low  then 
the  electromotive  force  on  the  bridge  is  not  sufficiently 
high  and  should  be  raised  by  cutting  out  some  of  the 
battery  resistance  by  means  of  the  rheostat.  In  the 
same  way  if  the  galvanometer  reading  is  too  liigh 
the  electromotive  force  should  be  reduced.  In  the 
later  form  of  the  instrument  the  sensibility  is  altered 
by  an  adjustable  magnetic  shunt,   thus  avoiding   the 

I   use  of  a  rheostat. 

These  various  adjustments  having  been  made,  the 
two  plugs  are  placed  in  the  "  recording  "  position  and 
the  apparatus  is  ready  for  use.  The  travelling  plug 
(Trav.)  is  placed  in  the  hdle  coirespoiiding  to  the 
t  -mperature  range  desired,  the  usual  one  Ix^ing  96°  F. 
to  106°  F.  By  introducing  or  cutting  out  the  coils 
shown  in  the  arm  of  the  bridge  opposite  to  the 
thermometer,  the  range  over  wliich  records  can  be 
obtained   may   be  varied.     The   ranges  generally  used 

!   are  88°  F.  to  98"  F.,  96°  F.  to  100"  F.,  and  102°  1'.  to 

'    112°  F. 

The    thermometer   should    be   slightly    wanned    and 
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covered  with  a  thin  film  of  vasehne  before  being  intro- 
duced into  the  rectum.  It  will  record  the  temperature 
of  the  body  in  about  5  minutes  after  in.sertion.  A 
record  obtained  with  a  thread  recorder  and  resistance 
thermometer  is  reprodxiced  half  size  in  Fig.  10. 
This  record  was  obtained  by  Dr.  Varrier-Jone.s  and  is 
reproduced  by  his  courtesy. 

In  practice  the  outfit  is  simple  to  operate,  an  observer 
learning  in  an  hour  how  to  make  the  adjustments  and 
to  manipulate  the  instrument.  As  in  the  case  of  all 
scientific  instruments,  the  best  work  will  be  obtained 
by  the  manipulator  who  has  an  affection  for  instruments 
and  patience  in  handling  them.  Nevertheless,  the 
recorder  and  its  accessories  are  so  simple  that  to  the 
medical  man  accustomed  to  using  some  of  the  modem 
medical-electrical  apparatus  the  instrument  can  be 
regarded  as  another  tool  added  to  clinical  medicine. 

Summarizing  the  experiments  of  the  cliief  workers 
in  the  subject  from  the  instrumental  point  of  view, 
it  may  be  said  that : — 

(i)  A  continuous  record  of  the  temperature  of  the 
human  body  can  be  best  obtained  by  an  elec- 
trical thermometer  placed  in  the  rectum. 

(2)  For   accurate   research   work   when   it   is   desired 

to  record  variations  in  temperature  to  an 
accuracy  of  0-02  degree  C,  a  thermo-electric 
couple  must  be  used  in  conjunction  with  a 
photograpliic  recorder. 

(3)  If  rapid  or  very  small  variations  in  temperature 

are  being  recorded  a  photographic  recorder 
must  be  used. 

(4)  For    ordinary    clinical    work    a    resistance    ther- 

mometer with  an  autographic  recorder  is  the 
most  practical  instrument.  It  can  be  reUed 
upon  to  record  body  temperatures  to  an  accuracy 
of  at  least  o-i  degree  C. 

In  conclusion,  it  is  only  right  to  state  that  if  it  had 
not  been  for  the  help  and  instigation  of  Professor  G. 
Sims  Woodliead  and  Dr.  P.  C.  Varrier-Jones  the 
apparatus  would  not  have  reached  its  present  practical 
stage.  I  have  warmly  to  thank  Dr.  Varrier-Jones 
for  reading  through  the  manuscript  of  these  notes,  and 
for  many  suggestions. 


Technical  Data. 

Recording  thermo-electyic  couple. 

(i)   Photographic  recorder  (Gamgee  model). 

D'.\rsonval   galvanometer  coil  resistance   (cop- 
per) =about   10-5  ohms. 
Balancing    resistance    in    circuit    to    give    a 
scale  deflection  of  35  mm.  per  degree  C.  (about 
21  mm.  per  degree  F.)— about  400  ohms. 
Scale  distance,  116  cm. 
Diameter  of  galvanometer  mirror,  10  mm. 
Width  of  photographic  paper,  200  mm. 
Speed  of  paper,  60  mm.  per  hour. 
(2)   Quasi-continuous     recorder      (thread     recorder 
model). 
D'Arsonval  galvanometer  coil  resistance   (cop- 
per) =  about  6  ohms. 
Balancing    resistance  in    circuit    (manganin), 
4  ohms,  to  give  a    scale  deflection  of  12  mm. 
per  degree  C.   (about  7  mm.  per  degree  F.). 
Width   of   record  sheet,  80  mm.    (96°  F.   to 

160°  F.). 
Speed  of  paper,   12-5  mm,  per  hour;    or  on 
fast  speed  300  mm.  per  hour. 
Thenno-electy'tc  couple. 
Copper  constantan    [ijo    per  cent    copper,    40    per 
cent  nickel). 
E.M.F.  =   approximately    40    micro-volts    per 
degree  C.  (22-2  microvolts  per  degree  F.). 
Recordini;  resistance  thermometer. 

Quasi-continuous  recorder  (thread  recorder  naodel). 
D'y\rsonval  galvanometer  coil  resistance  about 
70  ohms. 
Balancing    resistance     (manganin)     in    series 
with  galvanometer  coil  about  70  ohms. 

Equal  ratio  arms  of  bridge,  about  200  ohms. 
Scale    deflection,     17    mm.     per    degree    C. 

(9-5  mm.  per  degree  F.). 
Width  of  record   slieet,   95   mm.    (96"  F.   to 
106°  F.). 
Resistance  thermometer. 

Platinum  coil  made  of  0-05  mm.  (0-002  in.)  platinum 

wire,  resistance  at  60°  F.  about  140  ohms. 
Change  in  resistance  per  degree  C.=o-54  ohm  (per 
degree  F.  =0-3  ohm). 


Discussion. 


Professor  Sims  'Woodhead,  M.D. :  It  will  be  realized 
from  what  has  been  said  what  a  tremendous  advantage 
it  is  for  us  to  have  the  Cambridge  Scientific  Instrument 
Company  interested,  first  in  Professor  Gamgee's  work, 
and  then  in  the  continuation  of  that  work.  With 
Professor  Gamgee's  apparatus  it  was  possible  to  obtain 
records  of  temperature  with  little  lag  and  accurate  to 
about  i/20oth  of  a  degree.  By  the  other  resistance- 
thermometer  method  such  delicate  accuracy  cannot 
be  obtained,  but  the  results  are  of  equal  practical  value. 
In  order  to  show  what  can  be  done  with  these  instru- 
ments, I  will  exhibit  a  number  of  lantern  slides  and 
make  a  few  remarks  upon  them  as  they  appear, 
drawing  attention  to  one  or  two  very  marked  features 


in  the  temperature  variations,  first  of  the  normal 
individual,  and  secondly  of  the  tuberculous  patient. 
My  interest  in  this  work  was  aroused  in  about  1879. 
I  then  learned,  curiously  enough,  that  Professor  Gamgee 
had  already,  about  a  year  or  two  years  before,  been 
occupied  in  the  same  kind  of  work.  I  went  to  my  old 
teacher,  Professor  Tait,  who  informed  me  that  it  was 
practically  impossible  to  obtain  the  results  I  aimed 
at,  as  he  and  Arthur  Gamgee  had  been  able  to  find  no 
galvanometer  that  would  give  them  satisfactory  results. 
When  Professor  Gamgee  came  to  Cambridge  and  re- 
engaged on  this  work  we  naturally  were  all  very  much 
interested  in  it,  and  I  think  those  who  saw  his  work 
realized  at  once  how  important  this   or  some  similar 
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method  of  recording  temperatures  was  likely  to  become. 
Those  who  have   liad   experience  of  the   recording   of 
temf>eratures   of   tuberculous    patients,    and   especially 
of     patients     testetl     with     tuberculin — and      this     is 
well   known  in  the  veterinar>-  profession — will  realize 
that  a  number  of  factors  or  points  ver>'  difficult  of 
explanation    are   met    with    in    connection    with    these 
tuberculin  tests.     The  difliculty,  for  example,  of  deter- 
mining  the  highest   and   lowest   temperatures  attained 
during    the    pre-tuberculin    and    tuberculin    jieriod    is 
very   great.     But   if  a  continuous   or  semi-continuous 
record  can  be  obtained,  the  lowest  and  highest  tempera- 
tures at  any  part  of  the  day — in  fact  the  temperatures 
attained  at  any  part  of  the  24  hours — can  be  obser\-ed 
and  recorded  both  before  and  after  tuberculin  is  in- 
jected,   and    if    necessar>-    so    long    as    the    tuberculin 
continues    to    have    any    effect.     In    many    cases    the 
tuberculin  test  has  been  said  to  fail  :     in  5  or  10  per 
cent  of  the  cases  it  has  no  doubt  failed  to  give  the 
results  expected,   or  the  results  that  were  hoped   for. 
These  records  show,  I  think,  how  easy  it  is  to  determine 
the  difference  in  temperature  between  the  pre-tuberculin 
and  the  tuberculin  stage  in  a  tuberculin  test.     It  will 
be  seen  how  even  the  normal  temperature  varies  from 
hour  to  hour,  also  the  nature  of  the  temperature  cur\-e, 
i.e.  the  period  over  which  there  is  the  greatest  difference 
between  the  pre-tuberculin  and  the  tuberculin  curves, 
the  points  at  which  the  temperature  begins  to  rise  and 
at  which  there  is  a  gradual  fall,   and   how  variations 
occur  under  different  conditions.     If  the  temperature 
varies  considerably  during  the  normal  or  pre-tuberculin 
period,  it  is  found  that  the  variation  is  even  greater 
when    tubercuhn    has    been    given.     Similar   variations 
will    be    found    characteristic    of   the    temperatures   of 
tuberculous  patients  ;     these  also  are  increased  by  the 
exhibition    of    tuberculin    in    very    minute    quantities. 
One   finds,    too,    that    the   tempK-rature   of   tuberculous 
patients  is  often  extremely  unstable.     Rapid  variations 
occur  and,  instead  of  having  a  comparatively  straight 
line   with    slight   curves,    the   record,    especially   when 
compressed   laterally,   appiears   as   a   dentate   line,    the 
teeth  apparently  being  the  result   of  causes  which   in 
the  normal  patient  or  animal  have  little  effect.     The 
same    holds    good    in    the    case    of    the    tuberculinized 
animal.     [Professor  Woodhcad  tlien  showed  a  number 
of  slides.!     I  wish  to  draw  attention  to  the  fact  that 
we  can  gain   from   this  form  of  record  an  amount  of 
information  which  up  to  the  present  we  have  not  been 
able  to  obtain.     I  believe  that  in  many  fields  of  medical 
anfl  surgical  research  this  will  be  a  factor  of  great  value. 
In  the  ca.sc  of  "  trench  fever,"  for  example,  we  could 
probably  obtain  a  considerable  amount  of  information 
by  t)it«  mpthofl  if  applied  over  a  considerable  perio<l. 
I  '-n  cif  as  a  "  faddist  "  on  the  question 

'''  m   connection   with   the  action   of 

alcohol  on  the  human  Ixxly  that  I  first  undertook  this 
work.     The  results  obtaine<l  apiieared  to  me  to  \tc  so 
important  that  I  asked  and  received  the  co-op)eration 
of    I>r.    Varrier-Jones   and    Mr.    Whipple.     The   results 
obtainwl  are  alreatlv  of  considerable  value,  but  by  this 
Hi'    "      '  ......  "  'MJn  results  of  si  ill  greater 

•i:  .  ic   of   the   apparatus,   not 

yet  inentione<i,  ii>  thai  u  v-ry  great  range  of  temperature. 


something  like  1 8  degrees,  may  be  recorded  with  extreme 
accuracy  over  long  p>erio.1s.  By  its  use  the  tuberculin 
reaction  may  be  studied  in  great  detail,  and  is  found 
to  be  very  different  from  what  it  hais  hitherto  been 
regarded.  I  can  only  say,  in  conclusion,  that  I  hope 
the  temperature  changes  in  many  diseases  will  be 
investigated  by  means  of  this  apparatus.  This  can 
be  done  verj'  easily  and  without  alarming  the  patient, 
as  the  recording  apparatus  may  be  erected  and  read 
off  in  the  laboratory  whilst  the  patient  remains  in  bed 
in  the  hospital. 

Dr.  P.  C.  Varrier-Jones  :  When  we  turned  our 
attention  to  taking  the  temperatures  of  cattle  in 
connection  with  the  tuberculin  test  we  found  that  the 
thermo-couple  was  rather  too  delicate  for  the  work  we 
had  in  hand.  The  resistance  thermometer  was  found 
to  be  more  suitable  for  taking  the  temperatures  of  cows, 
whether  they  were  suffering  frcSm  tuberculosis  or  not, 
the  apparatus  being  more  strongly  constructed  and  not  ' 
so  liable  to  snap  or  break.  We  were  able  in  the  case  of 
cattle  to  take  very  long  records.  It  was  quite  simple 
to  take  records  of  patients  over  half  an  hour  or  an  hour, 
but  the  difficulty  was  to  retain  the  thermometer  in 
situ  for  a  longer  time,  especially  in  cattle.  However, 
we  were  fortunate  in  so  arranging  the  apparatus  that 
we  could  take  records  for  three  or  four  days  one  after 
the  other,  so  that  we  could  see  accurately  how  long  a 
dose  of  tuberculin  acted  on  the  animal.  With  regard 
to  tuberculous  patients,  we  find  that  the  apparatus  as 
now  designed  is  perfectly  simple  to  use.  The  patient 
does  not  object  to  it  in  the  slightest  degree,  and  we 
are  now  working  at  the  question  of  devising  a  method 
for  the  early  diagnosis  of  phthisis.  With  regard  to 
the  temperature  of  persons  suffering  from  phthisis, 
we  find  we  can  reproduce  in  the  patient  the  exact 
conditions  that  we  have  in  calves  which  are  experi- 
mentally tuberculizeti.  The  records  are  practically 
identical,  so  that  we  can  get — from  the  very  small  rise 
in  an  early  case  of  phthisis  after  giving  small  doses 
of  tuberculin — the  "  plateau,"  and  we  can,  by  means 
of  exercise,  produce  in  a  person  with  well-advanced 
disease  the  upside-down  curve  which  is  characteristic 
of  an  animal  having  a  tremendous  amount  of  tuber- 
culous disease.  The  patients  do  not  object  to  this 
record  being  taken  for  considerable  periods  of  time. 
The  little  skin  thermometer  can  be  used  for  20,  24, 
or  26  hours.  After  that  the  surface  thermometer  is 
not  yet  reliable,  but  the  resistance  thermometer  can 
be  used  with  absolute  certiinty. 

Professor  A.  'W.  Porter  :  I  should  like  to  emphasize 
the  extraordinary  difficulty  there  is  in  the  determination 
of  surface  temperatures  such  as  that  of  the  skin.  The 
actual  determination  of  the  temperature  of  the  external 
pKjint  of  the  surface  is,  as  every  physicist  knows,  a 
matter  of  great  difficulty,  and  I  am  not  quite  sure  to 
what  extent  that  difliculty  has  lecn  overcome  in  the 
case  of  the  simple  thermo-couple  arrangement  which 
has  been  dcscriled,  although  perhaps  there  is  no  serious 
defect  in  it  so  far  as  the  determination  of  the  varia- 
tions of  temjieraturc  are  concerned.  That  variation  is 
what,  I  suppose,  es|etiallv  concerns  medical  men.  The 
actual  temperature  is  jirobably  quite  uncertain.  The 
difficulty  is  that  no  matter  in  what  way  the  thermo- 
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couple  is  applied,  one  must  modify  the  conditions  of 
radiation  in  the  neighbourhood  of  that  point,  and 
especially  when  the  thermo-couple  itself  is  surrounded 
by  an  indiarubber  container,  as  I  understand  it  is. 
This  container,  when  placed  upon  the  surface  of  the 
skin,  must  of  course  tend  to  prevent  not  only  radiation 
but  also  evaporation  from  the  surface,  upon  which 
largely  the  temperature  of  the  surface  depends,  and  I 
should  like  to  know  to  what  extent  experiments  have 
been  made  towards  determining  the  magnitude  of  that 
effect.  It  would  seem  to  me  that  it  might  be  better 
if  the  actual  extent  of  the  surface  pad  were  reduced. 
I  obser\'ed  that  in  the  first  diagram  the  thermo-couple 
itself  is  entirely  placed  at  one  end.  Why  should  the 
pad  be  any  more  extensive  than  that  represented  by 
a  square  of  which  the  thermo-couple  is  the  centre  ? 
The  rest,  if  it  is  intended  as  a  support  to  the  leading-in 
wires,  could  be  placed  at  right  angles  to  the  surface. 
I  believe  there  would  be  in  that  case  less  tendency  to 
disturb  the  surface  conditions  than  in  the  actual  arrange- 
ment. 

Dr.  A.  O.  Rankine  :  There  is  much  to  be  said  in 
favour  of  the  thermo-couple  as  a  means  of  determining 
quickly-changing  temperatures.  It  will  have  very  little 
thermal  capacity  and  should  record  the  temperature 
very  :oon  after  being  placed  in  position.  I  was  very 
interested  to  see  the  diagrams  which  the  author  showed 
in  connection  with  the  thermostat  used,  but  it  is  difficult 
to  see  why  it  was  necessan,-  to  have  such  an  elaborate 
arrangement.  The  obvious  procedure  would  seem  to 
be  to  put  the  second  couple,  not  into  a  thermostat, 
but  into  a  suitable  mixture  of  ice  and  water,  the  tem- 
perature of  which  would  be  quite  constant  without  any 
elaborate  precaution  for  keeping  it  so.  It  is  true  that 
in  that  case  we  should  be  measuring  a  larger  difference 
of  temperature,  but  it  ought  to  be  possible  to  control 
by  external  means  the  galvanometer  movements,  so 
as  to  keep  the  indicator  on  the  scale.  I  suppose  it  is 
admitted  that  from  the  medical  point  of  view  it  is  the 
difierence  between  the  temperature  of  the  patient  and 
the  normal  which  is  most  important.  It  is  clear  from 
the  diagrams  that  there  are  ordinarily,  quite  apart 
from  illness,  variations  to  be  expected  from  time  to 
time  in  the  temperature  of  the  normal  person,  and  I 
wonder  whether  it  would  be  impossible  to  emplov  a 
sort  of  standard  man  who  would  be  kept  in  good  health 
and  to  whom  the  second  thermo-couple  could  be  per- 
manently fitted. 

Mr.  E.  H.  Rayner  :  Reference  has  been  made  to 
the  fact  that  something  of  the  order  of  i  200th  of  a 
degree  Centigrade  can  be  measured  in  practical  hospital 
working  on  an  apparatus  of  this  nature,  both  by  the 
resistance  method  and  by  the  thermo-couple  method. 
To  show  what  this  means,  one  may  take  it  that  all 
ordinary  pure  metals  change  something  like  3  or  4 
parts  in  1,000  per  degree  Centigrade,  so  that  when  we 
read  to  i  looth  of  a  degree  Centigrade  we  are  measuring 
with  reasonable  accuracv  changes  of  3  parts  in  100,000. 
In  an  electrical  laboratory-  with  elaborate  apparatus 
this  is  fairly  easy  ;  but  to  be  able  to  do  it  by  intelligent 
but  not  highly  skilled  people  in  a  hospital  by  the  bed- 
side is  a  very  great  compliment  to  the  ingenuity  of 
the  Cambridge  Scientific  Instrument  Conipam-.     Again, 


when  dealing  with  thermo-couples  one  naturally  chooses 
the  most  convenient  metals  or  alloys  which  will  give 
the  largest  thermo-electric  voltage  per  unit  difference 
of  temperature.  For  many  purposes  one  uses  constantan 
and  iron,  and  for  each  degree  difference  of  temperature 
in  the  two  junctions  we  get  in  practice  i  20,000th  of  a 
volt,  and  i /looth  of  a  degree  represents  about  one 
two-millionth  of  a  volt.  That  again  is  not  a  difficult 
thing  to  do  in  a  laboratory,  but  to  do  it  in  a  portable 
instrument  by  the  bedside  is  a  verj'  considerable 
achievement. 

Dr.  E.  P.  Cumberbatch  :  I  understand  from  the 
author  that  his  apparatus  will  record  such  small  tempera- 
tures as  I'loothof  a  degree  Centigrade.  If  that  is  the 
case,  his  apparatus  ought  to  be  of  considerable  use  in 
determining  the  path  through  the  tissues  of  electrical 
currents  of  high-frequency  oscillation.  During  the  past 
few  years  I  have  been  using  these  currents  for  the 
purpose  of  raising  the  temperature  of  different  parts 
of  the  body,  especially  the  interior  parts.  From 
inquiries  which  I  have  made  amongst  physicists  I 
have  been  unable  to  discover  exactly  what  is  the  path 
of  these  currents  through  the  tissues  of  the  body,  but 
if  we  have  an  apparatus  which  can  detect  a  difierence 
of  I  1 00th  of  a  degree  Centigrade  we  might  be  able  to 
determine  more  exactly  what  is  the  path  of  the  current 
through  the  body  as  shown  by  its  power  of  raising  the 
temperature  of  the  deep  and  superficial  tissues. 

Mr.  F.  C.  Raphael  :  It  is  verj-  gratif\-ing  that  these 
instruments  should  place  at  the  disposal  of  medical 
men  another  method  of  getting  quantitative  measure- 
ments. Although  the  instruments  are  beautifully 
worked  out,  I  do  not  think  it  is  right  merely  to  look  at 
the  measurement  as  a  measurement  of  about  100  degrees 
Fahrenheit  to  an  accuracy  of  i/iooth  of  a  degree  Fahren- 
heit. ^\■hat  is  really  being  measured  is  a  difference  in 
temperature,  and  consequently  there  is  not  such  a  very- 
high  degree  of  accuracv  necessary  in  the  measurement 
itself.  It  is  rather  in  the  method  of  application  and  in 
the  small  size  of  apparatus  to  be  dealt  with  that  the 
value  is  to  be  found.  Consequently  I  think  Dr.  Cumber- 
batch,  for  instance,  need  not  despair  at  all  of  being  able 
to  apply  the  apparatus  or  a  somewhat  similar  one  to 
the  measurements  which  he  indicates.  \Vhat  I  have 
said  answers  the  question  put  by  another  speaker ; 
Why  should  not  the  so-caUed  cold  junction  be  put  in 
melting  ice  ?  The  reason  is  obvious.  The  cold  junction 
must  be  kept  at  a  temperature  very  near  to  the  tempera- 
tures we  are  measuring,  because  we  are  measuring  a 
difference,  and  we  want  that  difference  to  be  as  small 
as  possible,  so  that  the  actual  inaccuracy  of  our  measure- 
ment may  be  as  small  a  percentage  as  possible. 

Mr.  R.  S.  Whipple  (in  reply,  communicated)  :  Pro- 
fessor Porter  touched  on  the  difficulties  to  be  overcome 
,  when  the  skin  thermometer  is  used.  In  conjunction  with 
Professor  Gamgee  a  great  many  experiments  were 
made  to  find  the  best  type  of  mounting  for  the  sensitive 
element.  Gamgee  thought  that  the  mounting  over 
the  couple  tended,  by  conduction,  to  lower  the  tempera- 
ture of  the  skin  at  the  point  of  contact,  so  that  he  aimed 
at  reducing  heat  losses  rather  than  preventing  evapora- 
tion from  the  surface  of  the  skin.  To  do  this  to  the 
maximum  extent,  a  couple  was  mounted  on  the  face 


12     WHIPPLE:    ELECTRICAL    METHODS   OF    MEASURING    BODY   TEMPERATURES. 


of  a  small,  flat,  exhausted,  and  silvered  glass  vessel. 
This  should  have  almost  entirely  prevented  radiation 
losses.  It  was  found  to  give  no  more  satisfactorj-  results 
than  the  cloth  pad.  The  great  difficulty  is  to  obtain 
intimate  contact  between  the  thermometer,  whether 
it  is  of  the  resistance  or  thermo-couple  type,  and  the 
skin.  If  a  thin  film  of  grease  is  introduced  between  the 
thermometer  and  the  skin,  the  result  is  better  than  if 
only  the  moisture  of  the  skin  is  relied  upon.  A  great 
many  forms  of  mounting  were  tried  with  pads  of  various 
areas,  and  yet  no  absolutely  satisfactory  method  was 
found  for  keeping  the  axilla  thermometer  in  contact 
with  the  skin.  On  the  other  hand,  the  rectum  ther- 
mometer is  surrounded  by  moisture  and  hence  its 
more  satisfactory  behaviour. 

As  Mr.  Raphael  pointed  out,  it  is  not  possible  to  use 
ice  and  water  as  a  method  of  keeping  the  cold  junction 
at  a  constant  temperature  as  suggested  by  Dr.  Rankine. 
Temperature  differences  are  being  measured  and  the 
difference  between  body  temperature  and  the  tempera- 


ture of  molten  ice  is  far  too  great  to  be  readily  covered 
by  the  sensitive  galvanometer  used  in  these  cxj-)eriments. 
The  "  standard  man  "  suggested  by  Dr.  Rankine  has 
already  been  designed  and  used  in  the  form  of  a  very 
small  electrically-heated  space,  the  temperature  of 
which  is  controlled  by  a  bi-metallic  thermostat.  It 
works  well,  but  as  the  water  bath  is  more  satisfactory 
in  practice  I  did  not  mention  it.  I  agree  with  the 
statement  that  an  accuracv  of  one-tenth  of  a  degree 
Centigrade  is  sufficient  for  nearly  all  medical  work ; 
Professor  Gamgce  undoubtedly  aimed  for  an  accuracy 
of  one-hundredth   of  a   degree   Centigrade. 

1  was  much  interested  in  Dr.  Cumbcrbatch's  remarks. 
I  think  it  may  be  possible  to  measure  the  rise  in  tem- 
perature of  the  surface  of  the  skin  when  a  patient  is 
undergoing  high-frequency  treatment.  There  is  the 
risk  tliat  eddy  currents  in  the  thermometer  may  vitiate 
the  records,  and  there  will  undoubtedly  be  other 
difficulties,  all  of  which  can  only  be  determined,  and 
perhaps  solved,  experimentally. 
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SOME    NOTES    ON   THE   ELECTRO-CARDIOGRAPH. 
By  Robert  S.  Whipple,  Jlember. 


[Paper  first  received  lo  March,  and  in  final  form  27  May,  1919;  read  at  a  Joint  Meeting  o/Thk  Insiitution  atid  the  Royai. 
Society  of  Medicine  (Electro-Therapeutics  Section)  21  March,  1919.] 


Professor  A.  W.  Waller  was  the  first  physiologist  to 
show  *  that  the  electric  potentials  developed  in  the 
heart  at  each  contraction  of  the  organ  were  sufiiciently 
large  to  deflect  a  sensitive  galvanometer  when  the 
latter  is  connected  to  the  limbs  of  the  human  subject. 

Little  progress  was  made  from  this  disco\-erj^  until 
the  invention  of  the  string  galvanometer  in  1901  by 
Professor  W.  Einthoven,  the  eminent  physiologist,  at 
the   Universit}'  of  Leyden.f 

As  there  has  been  some  little  contro\ersy  as  to  the 
priority  of  the  invention  of  the  string  galvanometer 
it  may  be  as  well  to  state  briefly  the  facts  of  the  case.  A 
string  galvanometer  was  in^•ented  by  Ader  and  described 
by  Leaute  before  the  French  Academy  of  Sciences 
in  1897.  A  detailed  description  of  the  instrument 
by  F.  Rossel  wUl  be  found  in  L'Eclairage  Electriqiie, 
1897,  P-  295.  The  instrument  was  developed  as  a 
recorder  for  submarine  telegraphy,  Rossel  pointing 
out  the  ad\-antages  of  the  small  moment  of  inertia 
and  short  periodic  time  of  the  mo\dng  system  compared 
with  other  gal\-anometers.  The  magnetic  field  was  given 
by  a  large  laminated  permanent  magnet.  In  the  gap 
of  the  magnet  (about  0-5  mm.)  a  copper  or  aluminium 
wire  75  cm.  long  and  0-02  mm.  in  diameter  was  stretched, 
the  centre  of  the  wire  being  thickened  by  means  of  a 
feather  quill.  Although  intended  for  submarine  cable 
work  the  instrument  did  not  come  into  general  use. 
Considered  as  an  electrical  measuring  instrument  it 
is  about  100,000  times  less  sensitive  than  the  modem 
string  galvanometer.  The  instrument  designed  by 
Einthoven  was  of  an  entirelj'  diflferent  character,  having 
a  powerful  electromagnet  and  a  comparatively  short 
silvered  quartz  fibre  as  the  mo\'ing  system.  It  was 
invented  by  liim  without  any  knowledge  of  Ader's 
instrument  and  from  theoretical  considerations  only. 
WTien  calculating  the  constants  for  a  sensitive  moving- 
coil  instrument  he  found  that  the  smaller  the  number 
of  windings  on  the  mo\'ing  coil  the  greater  the  normal 
sensiti\'ity  of  the  galvanometer.  A  coil  consisting 
of  a  single  winding  of  a  very  fine  fibre  is  the  most 
sensitive.  Instead  of  the  single  winding  he  took  the 
stretched  fibre. 

In  its  main  features  the  galvanometer  is  still  in  the 
form  in  which  Einthoven  made  it,  although  it  has 
been  simpUfied  by  various  workers  so  as  to  render  it 
convenient  for  clinical  work.      Largely  as  a  result  of 

•  "  .A  Demonstration  on  Man  of  the  Electromotive  Changes  Accompanying 
the  Heart's  Beat,"  Journal  of  Physiology,  1887,  vol.  8,  p.  229. 

it  "  Ein  neues  Galvanometer,"  Annalen  der  Physik, igos,  vol.  4,  p.  1059  ; 
also  "  Die  Konstruktion  des  Saitengalvanometers,"  Archiv  fiir  die  ges. 
Physiologic,   1909,  vol.  130,  p.  387. 


Einthoven's  work*  and  that  of  Dr.  Thomas  Lewis  f 
an  important  branch  of  pathologj-,  electro-cardiography, 
has  arisen.  As  this  science  is  dependent  on  the  inter- 
pretation of  the  records  obtained  with  the  string  galvano- 
meter it  may  be  of  interest  to  describe  the  instrument 
and  its  accessories  in  some  detail.  I 

The  problem  may  be  briefly  stated.  If  the  extremities 
of  the  limbs  of  a  patient,  such  as  the  two  hands,  are 
placed    in    non-polarizable    electrodes,     and    electrical 


•'Tr^^r^-x 


Fig.    I. — Diagram  showing  the  principle  of  the  string 
galvanometer. 


connection    is    made    through    the    gah-anometer,    the 
string  is  deflected  by  the  current  passing  through  it. 

•  W.  Einthoven  and  K.  de  Lint  :  "  Jber  das  normale  menschliche  Elek- 
trokardiogram,"  Archiv  fur  die  ges.  Physiologic,  1900,  vol.  80,  p.  139. 

W.  Einthoven  :  "  Enregistrement  Galvanom^trique  de  rElectrocardio- 
gramrae  humain,  etc.,"  Archives  Ncerlandaises  des  Sciences  Exactes  ei  Naiurclles, 
Series  II,  vol.  9,  p.  202. 

W.  Einthoven  :  "  Weitcres  Ober  das  Elektrokardiogramm,"  Archiv  fiir 
die  ges.  Physiologic,  190S,  vol.  122,  p.  517. 

t  See  "  The  Mechanism  of  the  Heart  Beat,"  "  Clinical  Disorders  of  the  Heart 
Beat,"  "  Clinical  Electro-cardiography,"  etc.,  by  Dr.  Thomas  Lewis,  all  pub- 
lished by  Messrs,  Shaw  &  Sons,  Fetter  Lane,  London.  A  full  bibliography 
of  papers  dealing  with  electro-cardiography  will  be  found  in  Dr.  Lewis'  book, 
"  The  Mechanism  of  the  Heart  Beat," 

X  This  statement  is  not  absolutely  correct,  as  a  very  sensitive  oscillograph 
has  been  developed  by  the  firm  of  Hans  Thoma,  of  Munich,  with  which  electro- 
cardiograms have  been  taken.  The  loop  or  mo\-ing  system  consists  of  platinum 
wire  o"oo25  mm.  in  diameter  suspended  from  a  glass  hook,  the  tension  being 
given  by  a  small  spiral  spring,  the  system  being  mounted  between  the  poles 
of  a  powerful  electromagnet.  The  mirror  mounted  across  the  strips  is  o'25  sc, 
mm.  in  area.  It  is  stated  that  the  instrument  gives  a  sensitivity  of  i  mm. 
on  the  photograph  for  2  x  10—'  amperes.  If  such  is  the  case  the  sensitivity 
is  quite  sufficient  for  electro-cardiograph  work.  The  author  is  not  in  a  position 
to  state  whether  the  periodic  time  is  sulliciently  short  to  satisfy  the  requirement 
that  a  deflection  of  10  mm.  for  i  millivolt  must  take  place  without  overshooting 
in  o'02  second  (see  page  22), 
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The  magnitude  of  this  current  varies  continually 
during  the  systole  of  the  heart.  It  has  been  found 
that  in  tlie  majority  of  healthy  people  the  heart 
passes  through  a  normal  cycle  and  this  gives  prac- 
tically the  same  electrical  potential  at  every  stage  of 
the  cycle.*     If,  therefore,  the  position  of  the  galvano- 


force  at  any  instant.  The  maximum  changes  in  electro- 
motive force  throughout  the  whole  of  the  heart  move- 
ment rarely  exceed   3   millivolts. 

The  essential  feature  of  the  string  galvanometer  is 
the  conducting  string  which  forms  tlie  mo\dng  part 
of  the  galvanometer.     This  string  is  a  quartz  or  glass 


te2>M> 


Fig.  2. — Optical  system. 


meter  string  is  contmuously  photographed  the  potential 
corresponding  to  any  particular  heart  movement  can 
be  determined.  During  the  taking  of  the  record  the 
resistance  of  the  galvanometer  string  and  the  body 
of  the  patient  remain  practically  constant,  and  since 


thread,  from  0-003  to  0-005  "i™-  diameter,  on  which 
a  thin  metallic  coating  of  silver  or  platinum  lias  been 
deposited.  The  string  (S)  is  stretched  between  the 
poles  of  a  powerful  electromagnet  N  S,  shown  dia- 
grammatically  in  Fig.  1,  and  an  optical  system   li  F  A 


Fig.  3. — String  galvanomcfcr. 


the  pcri'Kl  of  the  string  is  so  small  (about  o-o^  second) 
and  the  motion  is  nearly  aperiodic,  the  movements 
recorded    iirc   a   direct    measure   of    the    electromotive 


Jramtmlwiu,  191a,  rot  joj,  p.  f)l|. 
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projects  a  shadow  of  the  moving  string  on  to  a  photo- 
graphic plate. 

When  a  current  passes  down  the  string  the  latter  is 
dellectcd  in  the  direction  of  the  lowest  arrow,  i.e.  at  right 
angles  to  the  magnetic  field.  If  the  direction  of  the 
current  is  reversed,  the  string  will  move  in  the  opposite 
direction.  Within  the  limits  of  the  experiment  tho 
dcHcctions  of  the  string  are  directly  proportional   to 
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the   magnetic   field    and   the   current   passing   through 
the   string,   and   inversely  proportional   to   the  tension 
on  the  string.     The  movements  of  the  string  are  ex- 
ceedingly small ;  a  string  about  loo  mm.  long,  0-003  mm.    1 
in  diameter,   and   ha\'ing  a  resistance   of  about   3,000    1 
ohms  in  series  wdth  a  patient  ha\-ing  an  approximate 
resistance  of  4,000  ohms,  moves  through  approximately   j 
0"05    mm.    when  a  potential  of   3   millivolts  is  applied 
to   it.     A   high   magnification   must   therefore   be   used 
to  study  the  detailed  mo\-enients  of  the  string. 

Fig.  2  shows  the  optical  arrangement  diagrammati- 
cally,  the  distances  being  given  in  millimetres.  The 
string  is  illuminated  from  the  positive  crater  of  an  arc 
lamp,  the  light  being  concentrated  bj-  the  condensers. 
A  water  bath  is  interposed  as  a  screen  opaque  to  heat 
rays  to  protect  the  sub-stage  condenser  and  to  prevent 
heating  of  the  string.  The  field  of  the  objective  is  pro- 
jected on  to  the  cylindrical  lens,  which  focuses  part  of  this 
into  an  intensely  bright  band  of  light  on  the  photographic 
plate.  The  string  appears  on  the  front  of  the  cylindrical 
lens  as  a  long  vertical  shadow  about  2  mm.  wide,  the 
part  falling  upon  the  cylindrical  lens  beconiing  a  dark 
spot  in  the  band  of  light  projected  on  to  the  photo- 
graphic plate.  The  magnification  generally  emplo}-ed 
is  600  diameters.  If  the  photographic  plate  or  paper 
is  given  a  motion  at  right  angles  to  the  axis  of  the 
cylindrical  lens,  e.g.  in  the  direction  of  the  arrow  A, 
the  whole  length  will  be  exposed  except  that  portion 
which  is  covered  by  the  shadow  of  the  string.  The 
movements  of  the  string  are  parallel  to  the  axis  of  the 
cylindrical  lens,  and  as  the  instantaneous  position 
of  the  string  is  indicated  by  an  unexposed  spot,  a  con- 
tinuous record  of  these  positions  is  formed  on  the 
moving  plate.  An  adjustable  sht  is  placed  between 
the  cylindrical  lens  and  the  plate  in  order  that  the 
maximum  of  detail  consistent  with  good  illumination 
may  be  obtained. 

In  order  that  the  curves  might  be  rapidly  measured, 
Einthoven  introduced  a  simple  and  excellent  method 
of  automatically  photographing  a  scale  upon  his  photo- 
graphs. Lines  are  engraved  on  the  cylindrical  lens 
across  its  width  to  throw  shadows  on  the  photographic 
plate,  appearing  as  well-defined  hnes  ruled  i  mm. 
apart  throughout  the  length  of  the  record.  This 
system  of  lines  gives  a  scale  of  current  in  the  galvano- 
meter, or  of  the  potential  of  the  heart.  A  system  of 
lines  at  right  angles  to  the  former  ones  are  produced 
by  interrupting  the  focused  beam  of  light  at  B  so  that 
for  a  short  interval  no  light  falls  on  the  plate  as  it 
travels  past  the  sUt,  and  in  consequence  a  sharp  line 
appears  on  the  record.  This  sj-stem  of  hnes  gives  a 
scale  of  time.  The  method  of  producing  these  hnes 
at  known  and  definite  intervals  of  time  will  be  explained 
later. 

The  equipment  required  to  obtain  an  electro-cardio- 
gram is  as  follows  : — 

(i)  The   gah'anometer   which   receives   the   electrical 

impulses  of  the  heart. 
(2)  The  camera  to  record  the  mo\-ements  of  the  string 

in  the  galvanometer. 
{3)  A  time-marker  or  mechanism  for  marking  time 

intervals   on   the   photographic  plate. 


(4)  A  source  of  illumination  by  means  of  which  the 

photographs  are  obtained. 

(5)  The  electrical  equipment  for  making  the  necessary 

standardization  and  other  adjustments. 

(6)  The   electrodes   for  making  electrical   connection 

to    the    patient. 

It  will  be  ad\-isable  to  discuss  the  \arious  t>-pes  of 
instruments  that  have  been  de\ised  under  the  above 


Fig.  4. — Fibre  case  for  two-string  galvanometer. 

headings,    finally  deaUng  with    one    tj-pe    of    complete 
outfit; 

Galvanometer.  —  Since  the  invention  of  the  string 
galvanometer  by  Einthoven  several  models  have  been 
devised,  although  they  all  have  the  same  general  char- 
acteristics and  are  modifications  in  detail  only.  Ein- 
thoven's  instrument,  generally  referred  to  as  the  Leyden 
model,  has  an  exceedingly  powerful  magnetic  field, 
26,000  gauss.  In  order  to  avoid  any  probable  ill- 
effects  from  the  heating  of  the  instrument  by  the  current 
passing  through  the  magnetizing  coils,  it  was  fitted 
with  coohng  coils  of  tubing  through  which  water  could 
be  passed  during  an  experiment.     Edelmann,  a  Munich 


16 


WHIPPLE:   SOME   NOTES   0\   THE    ELECTKO-CAKDIOGRAPH. 


manufacturer,  slightly  modified  the  model  *  and  in  a 
test  of  one  of  his  instruments  a  field  strength  of  18,000 
gauss  was  given  for  an  expenditure  of  160  watts  on 
the  field  coils.  The  drawtkack  to  the  original  Ein- 
thoven  and  Edelmann  models  was  the  ditficulty  in 
making  the  chamber  in   which  the  string  is  situated 


galvanometer  sensitivity.  If,  however,  the  supply 
voltage  is  subject  to  sudden  fluctuations,  it  is  advisable  to 
use  accumulators,  as  sudden  variations  in  the  field  distort 
the  electro-cardiograms  owing  to  the  mutual  induction 
between  the  field  magnet  and  the  galvanometer  circuit. 
The  optical  s>-stem  consists  of  a  small-diameier  substage 


fLATt 


OOUOlC     PRiSm 


TMC    HARHCn 


WATCR     BATH 


1  /»  fl  STBINCS 


INOOICAL    ICNt 


SueSTACC     CONOCNSCR 


Fig.  5. — Optical  system  with  two  strings. 


airtight.  A  very  small  air  current  is  sufficient  to 
disturb  the  string  when  it  is  under  the  slight  tension 
required  for  electro-cardiograph  work.  In  addition  to 
this  it  was  not  easy  to  replace  the  string  if  it  were 
broken  during  an  experiment,  or  if  it  were  desired  to 
insert  one  ha\-ing  different  phj-sical  qualities. 

A  great  deal  of  thought  has  been  devoted  to  the 
dcvelnpment  of  models  to  overcome  these  drawbacks 
and  also  to  decrease  the  weight  of  the  original  instru- 
ment. The  most  successful  model  is,  the  author 
beUeves,  that  designed  by  the  late  \V.  Duddell  in  1905 
for  the  Cambridge  Scientific  Instrument  Company 
(see  Fig.  3).  In  it  the  string  is  enclosed  in  an  air-tight 
chamber  generally  referred  to  as  the  "  fibre  case."  The 
chamber  being  air-tight  the  string  is  unaffected  by 
draughts,  dust  which  would  otherwise  collect  upon  it  is 
excluded,  and  it  is  provided  with  mechanical  protection. 
A  milled  head  J  is  fitted  to  the  fibre  case  and  allows 
accurate  adjustment  of  the  tension  and  sensitivity  of 
the  string  A  safety  stop  is  also  fitted  to  prevent  the 
over  .and    hence   the    breaking   of   the   string. 

The  :  'is  geometrically  supported  on  the  three 

points  H,  L,  L,  and  is  held  in  position  by  the  screw 
and  anti-backlash  spring  F.  The  screw  F  also  acts 
as  an  adjustment  by  means  of  which  the  string  can 
be  brought  into  the  centre  of  the  optical  sj-stem. 

Being  held  geometrically,  the  case  can  be  removed 
after  the  completion  of  an  experiment,  with  the  cer- 
tainty th.if  it  may  be  replaced  in  the  correct  position 
without  '  ment.      Tliis    is    a     useful     feature, 

lor  if  a  •  i'TC  case  is  adjusted  ready  to  be  put 

in  pisition  it  can  be  easily  substituted  for  the  other 
in  an  emergency.  With  care  a  string  will  last  for 
many  years. 

The  magnet  coil  is  generally  wound  in  two  sections, 

and  by  arranging  these  in  scries  or  in  parallel  the  galva- 

'    1  on  either  of  two  voltages,  the 

;'  for   no  ;ind   220  volts  respec- 

iiit,  or  10  and  20  volts 

■  1        As  the  steel  polc- 

I    are    practically   satur.ited, 

.1  the  m.ignetizing  current  of 

per  cent  make  little  difference  to  the  magnetic 

to  the 
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condenser  (A  A,  Achromat)  and  an  objective  (Apochro- 
mat)  and  a  compensating  eye-piece  (No.  12)  which  is 
employed  as  a  projection  lens.  The  normal  magnifica- 
tion of  600  is  obtained  when  the  distance  between  the 
eye-piece  on  the  galvanometer  and  the  camera  is  829  cm. 
By  a  modification  due  to  Apthorpe  two  strings  may 
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Fig.  6. — SclUou  t.l  cylinder. 

Ik-  employed  simultaneously.*  The  two  strings  S  are 
mounted  in  a  ca.se.  o  <j  mm.  apart,  and  are  fitted  with 
independent  micrometer  screws  A  and  B  (sec  Fig.  4) 
for  adjusting  the  ten.sion  on  each.  The  strings  are 
entirely  enclosed  in  a  Uun  metal  case  (shown  dotted), 
ami  a  small  mica  window  F  allows  the  movements  to 

•  W,  H.  ArTnnnrii  :  "  Not<-  on  an  ImprtiwnirnI  In  Uir  Elnlhovtw  String 
G«lvannmftrj,"  PtMttdmt'  oj  tki  Vkyivti  ."-iHirtv  c/  LikUok,  1914,  vol.  (6, 
p.  J>4. 
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be  observed  at  the  centre.  The  images  of  the 
two  strings  are  projected  on  to  the  double  prism  M  N 
{Fig.  5),  from  which  the  two  beams  converge  on  the 
photographic  plate. 

A  model  due  to  Professor  G.  F.  Nicolai  *  is  so  arranged 
that  as  the  holder  containing  the  string  is  introduced 
into  the  gap  of  the  electromagnet  the  protecting  cover 
is  automatically  removed.  The  drawback  to  the 
arrangement  appears  to  be  the  risk  that  the  cover  is 
apt  to  come  off  unexpectedly  and  the  string  become 
broken. 

Dr.  Horatio  Williams  of  Columbia  University,  Now 
York,  has  made  an  ingenious  compromise  of  the 
Einthoven    and    Cambridge    models.      In    his    instru- 


and  one  to  which  a  great  deal  of  thought  has  been 
devoted.  The  range  of  speed  required  in  clinical 
electro-cardiograph  work  is  not  very  great,  i.e.  zero  to 
35  cm.  per  second,  but  in  many  physiological  researches 
speeds  as  high  as  4  metres  per  second  are  used.  At 
the  former  low  velocities  any  want  of  uniformity  in 
the  motion  of  the  plate  or  paper  is  shown  in  a  "  band- 
ing "  effect  on  the  photograph,  which  may  mask  the 
phenomenon  which  is  being  studied.  At  this  speed 
very  small  defects  in  the  mechanism  will  cause  large 
variations  in  the  rate  of  movement  of  the  plate. 

Einthoven  in  his  camera,  which  is  complicated,  has 
obtained  almost  perfect  uniformity  of  motion  through 
a  range  of  05  mm.  to  2  metres  per  second.* 


Falling-plate  camera. 


ment  f  the  string  is  readily  inserted  after  a  covering 
plate  has  been  removed.  It  has  the  advantage 
that  no  mica  window  is  between  the  string  and  the 
optical  system.  This  is  an  advantage  when  an  abnorm- 
ally liigh-power  magnification  is  required,  but  it  has 
the  drawback  that  it  is  rather  more  difficult  to  make 
the  chamber  air-tight. 

The  design  of  the  electromagnet  in  the  Williams' 
model  is  extremely  good,  a  field  strength  of  20,000 
gauss  being  given  with  an  expenditure  of  11  watts. 
This  is  primarily  due  to  the  small  air-gap  and  the 
effective  winding  of  the  coils  round  the  magnet.  It 
has,  however,  the  disadvantage  of  being  heavy. 

Camera. — The  problem  of  moving  a  photographic 
plate  or  paper  at  a  uniform  speed  is  a  diificalt  one, 

•  Made  by  Huth,  Berlin.  t  Made  by  C.  F.  Hindle,  Now  York. 

Vol.  57.— Supplement. 


In  the  Cambridge  camera,  uniformity  of  movement 
is  obtained  by  the  use  of  a  small  hydraulic  ram.  A 
plunger  B  (see  Figs.  6  and  7)  accurately  fits  a  cylinder 
A.  containing  oil.  In  the  plunger  an  adjustable  valve 
V  is  fitted,  through  which  the  oil  in  the  cylinder  must 
pass  as  it  is  displaced  by  the  falling  plunger.  The 
amount  the  valve  is  opened  is  controlled  by  a  screw  S 
fitted  with  a  divided  head.f  The  plunger  is  con- 
nected with  a  pulley  W  fixed  on  a  shaft  which  passes 
through  the  camera  box.      To  this  shaft  is  also  fi.xcd 

•  W.  Einthoven  :  "  Eine  Voirichtung  ziim  Registriren  der  .\usschlage  des 
Lippmann'schen  Capillar-EIektrometers,"  Archiv.  fur  die  gt-s.  Pfiysiologie,  igoo^ 
vol.  79,  p.  26. 

t  The  author  believes  that  the  first  application  of  an  oil  cylinder  to  control 
the  movement  of  a  photographic  image  is  due  to  Sir  Horace  Darwin.  In  a 
photo-spectro-beliograph  designed  by  him  in  1902  for  Sir  Norman  Lockyer, 
an  oil  cylinder  was  used  to  control  the  movement  of  a  large  carriage  on  which 
the  optical  system  was  mounted.  This  was  moved  by  means  of  a  falling  weighty 
the  rate  of  movement  being  controlled  by  an  oil  cvlinder. 
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the  top  pair  of  pulleys  L  from  which  the  frame  F  carrj-ing 
the  photographic  dark  slide  M  is  supported.  As  the 
plate  and  carrier  fall,  the  supporting  cords  C  running 
over  this  pair  of  pulle\-s  cause  the  shaft  to  revolve, 
and  thus  the  movement  of  the  plate  is  transmitted 
to  the  plunger  B. 

Since  tlic  pressure  in  the  oil  chamber  due  to  the 
weight  of  plate  and  plunger  is  constant,  tlie  plunger 
can  only  move  at  a  definite  speed  depending  on  the 
opening  of  the  oil  valve.  The  uncontrolled  friction 
arising  m  the  bearings  and  pulleys  is  exceedingly  small 
in  comparison  with  the  controlled  lluid  friction  through 
the  val\c.  and  thus  the  movement  is  extremely 
regular.  The  rate  of  movement  of  the  plate  can  be 
vancd  by  means  of  the  oil  valve  from  zero  to  350  mm. 
jK-r  second.  In  order  that  time  may  be  saved  in  the 
setting  of  the  plunger,  i.e.  when  lifting  it  into  position, 
it  is  fitted  with  a  non-return  ball  valve  which  allows 
the  oil  to  pass  quickly  back  into  the  cylinder  without 
the  necessity  of  altering  the  valve  opening.  This 
opening  can  therefore  be  set  to  give  any  desired  speed, 
which  can  be  repeated  continuously  without  further 
attention.  In  the  original  design  the  plate  and  plunger 
moved  in  opposite  directions  in  reference  to  the  force 
of  gravity  ;  an  improvement  now  adopted  makes  these 
movements  in  the  same  direction  and  so  improves  the 
control,  and  enables  liigher  speeds  to  be  obtained  from 
the  same  weight  of  plunger. 

The  photographic  plate  is  carried  in  a  roller  dark 
slide  M,  wliich  can  be  opened  when  in  position  in  the 
camera. 

By  means  of  a  device  suggested  by  Dr.  Averj'  Newton 
any  part  of  the  width  of  the  plate  may  be  exposed. 
This  enables  several  photographs  to  be  taken  on  one 
plate,  and  it  is  now  customary  to  take  the  photograph 
from  the  three  Leads  1,  II,  and  HI  (see  p.  21)  upon  the 
same  plate.  I-'ig.  14  is  a  reproduction  of  such  a  record. 
The  three  cardiograms  have  been  exposed  successively 
one  after  the  other. 

To  expose  the  plate  in  three  equal  parts  the  small 
shde  N  (Fig.  7)  is  set  to  the  line  J  engraved  on  the 
lower  scale,  and  the  large  slide  T  is  set  on  the  upper 
scale  to  the  J.  |.  and  i  line  successively,  the  plate  being 
exposed  after  each  setting.  Other  fractions  of  the 
plate  width  can  be  used  if  desired.  The  string  is 
moved  so  that  its  shadow  falls  iito  the  new  position 
for   each  photograph  by  means  of    the   s.rew    I"    (see 

F«g-  3). 

I*rofcs!Mjr    J.    K.    A.    Wertheim-Salomonson    has   also 

used  a  hydraulic  cylinder  for  obtaining   uniformity  of 

movement  of  the  photographic  plate.*      The  plate  is 

mounted  in  a  frame,  running  on  three  wheels  between 

two  rails,  supportcn]  by  a  cord  attached  to  tlic  piston 

of   the   cyhndrr.      The   cylinder    (see    Fig.    8)    is   fitted 

with  a  tiv-pa.'.  <  unfaining  a  sensitive  valve  fitted  with 

;i  '-.id.       In   opiTatiiin,    the   ulyterine   with 

w         ,  rilcf  is  filled  ]>;i-s,ses  through  the  by-pass 

a*  the   jiiston   rI^c^.      The   rate  of  movement   may   be 

vancd  from  1  tn  is'imni    per  sccind.      The  advantage 

claimed  for  lli:  Jient  is  the  fact  that  the  valve 

may  be  o]>cnr<l .iud  the  apparatus  quickly  re-set, 

*  J.  K,  A.  WvKtiiktti-KAtowoKftOM ;  "  F.tn  nrurr  phntoirjiphtftcbcr  IKc^U 
IftrappaMi,"  Attkn./u  d'i  |/i.  I'lkytulofu,  Ifo},  vol,  no,  |>.  bit. 


and  also  that  it  is  possible  to  alter  the  rate  of  speed  a 
which  a  plate  is  falling  during  exposure  by  opening  o 
closing  the  valve.  It  is  doubtful  whether  this  arrange 
ment  of  valve  is  so  efficient  as  the  non-return  ball  valve 
The  valve  has  to  be  opened  and  then  re-adjusted  betweei 
ever>'  experiment.  With  the  ball  valve  the  pistoi 
can  lie  re-set  for  an  experiment  without  any  delay 
If  some  intermediate  gear  in  the  form  of  pulleys  i 
introduced  between  the  piston  and  the  carrier,  speed 
up  to  600  mm.  per  second  may  be  obtained. 

M  Bull  of  the  Institut  Marey  has  invented  an  in 
genious  camera  on  which  records  up  to  a  speed  of  i< 
metres  per  second  can  be  obtained  without  difficulty 
It  consists  of  a  brass  drum  A  (see  Fig.  9)  rotating  01 


Oil 
cylinder 


Fic. 


A4,)uM<>ble 
vjlve 

8. — Section  of  cylinder  in  Prof.  W.  Salomonson's 
instrument. 


a  horizontal  axis  B  in  an  octagonal  case  C,  the  uppe: 
part  of  which  may  be  opened  for  the  purpose  of  insertiii) 
the  photographic  film.  The  drum  has  a  diameter  o 
approximately  33  cm.  and  carries  a  film  or  strip  o 
sensitive  paper  about  1  metre  long.  The  width  o 
film  used  is  generally  >jo  mm.,  but  holding  attachmcnti 
are  provided  lor  taking  films  of  f)o  and  35  mm.  in  width 
The  drum  is  rotated  by  means  of  a  ronstaiit-s]>ee<. 
motor  driving  through  a  pulley  not  shown  in  the  figure 
By  means  of  various  si7c<l  pulleys  and  a  rcductior 
gear  a  large  variety  of  speeds  between  10  metrei 
and  25  mm.  per  second  may  be  obtained. 

Ihe  motor  is  either  fitted  with  a  centrifugal  govcrnoi 
whii  li  makes  and  breaks  the  actuating  current,  or  i' 
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is  driven  by  a  current  controlled  by  a  tuning  fork. 
M.  Bull  was  one  of  the  first  experimenters,  if  not  the  first, 
to  use  successfully  the  principle  of  the  "  phonic  wheel  " 
for  controlling  the  speed  of  motors  with  a  tuning  fork 
fitted  with  a  special  form  of  contact  breaker.*  It 
must,  however,  be  mentioned  that  it  was  invented 
by  Lord   Rayleigh  in   1878.! 

The  shadow  of  the  string  is  projected  on  the  sHt  S 
behind  which  is  a  cylindrical  lens  L,  in  the  focus  of 
which  the  cylinder  rotates.  At  the  back  of  the  slit 
tvvo  shutters  are  mounted,  one  of  which — the  safety 
shutter — is  opened  by  pulling  a  small  cord  D.  The 
second  shutter  is  both  opened  and  closed  electrically 
by  contacts  F  F  carried  on  the  drum  axle.  These 
contacts  are  so  arranged  that  records  of  various  lengths 


Dr.  Williams  of  Columbia  University,  New  York, 
and  the  Cambridge  Scientific  Instrument  Company, 
have  also  developed  continuous-paper  machines, 
although  they  are  not  quite  so  elaborate  as  some 
of  the  German  models. 

The  construction  of  the  Cambridge  continuous-paper 
camera  is  sho^vn  in  Fig.  10.  The  paper,  which  is  3J 
inches  (83  mm),  wide,  is  wound  on  the  spool  A  and  is 
drawTi  downwards  behind  the  plate  B  by  the  rubber- 
faced  friction  roller  C  against  which  it  is  held  by  the 
loose  roller  D.  The  friction  roller  is  mounted  on  the 
shaft  carrjnng  the  driving  pulley  E  and  is  driven  by  it. 
The  paper  is  held  in  the  focus  of  the  cylindrical  lens 
F  by  the  pressure  exerted  by  the  plate  B.  After 
leaving  the  rollers  C  and  D  it  passes  through  an  opening 


Fig.  9.— M.  EuU's  camera. 


can  be  taken.  In  the  standard  instrument  made  by 
Boulitte  of  Paris,  records  of  the  following  lengths  can 
be  taken  as  desired  : — 

8  records  12 '5  cm.  long 
3       ..  33 

2       .>  50 

and   I  record  100  ,, 

The  German  makers  of  cardiographic  apparatus  ha\-e 
adopted  continuous  film  or  paper  cameras  as  distinct 
from  the  photographic-plate  t^-pe.  The  former  has 
the  advantage  that  records  extending  over  several 
minutes  can  be  taken  if  desired.  In  practice  this  is 
rarely  wanted  in  clinical  work. 

*  L.  Bull  :    "  Sm  le  mouvement  des  cylindres  enregistrcurs,"  Extrait  des 
Travaux  dc  I'Associatu-ni  de  i'liistitut  Marey,  igio,  vol.  il. 
t"iVa/u«,  23  May,  1878. 


G  in  the  base  of  the  camera  into  a  removable  box  under- 
neath H.  This  box  is  completely  closed,  except  for 
the  opening  J  through  which  the  paper  enters  and  that 
through  which  it  is  withdrawn.  The  sUding  shutters 
K  and  L  are  pro\-ided  to  close  the  opening  in  the  bottom 
of  the  camera  and  the  top  of  the  removable  box.  A 
knife  M  operated  from  the  outside  can  be  drawn  across 
the  opening  in  the  bottom  of  the  camera  to  cut  off 
the  exposed  length  of  paper.  The  paper  is  then  taken 
in  the  removable  box  to  the  dark-room  for  development. 
Spare  paper  boxes  are  proWded  so  that  time  is  not  lost 
during  the  absence  of  a  bo.x  in  the  dark-room.  The 
camera  is  driven  by  a  motor,  the  speed  being  varied 
by  changing  the  belt  on  the  cone  pulleys  of  the  camera 
and  motor.  The  motor  is  generally  suspended  on  some 
form  of  anti-\ibration  table  to  prevent  the  vibration 
affecting  the  gah'anometer.      The    design  of  tliis  table 
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enables  the  length  ui  driving  belt  to  be  easily  adjusted, 
and  hence  it  is  )K>ssiblc  with  a  pair  of  three  cone  driving 
pulleys  of  diameters  a,  a  r,  a  ri  to  obtain  seven  speeds 
in  geometrical  progression  corresponding  to  the  ratios 
r^J,  r~',  r~',  r".  r'.  H.  rJ,  viz.  approximately  lo,  15, 
25,  35.  50,  75,  and   115  mm.  per  second. 

l>r.  Williams'  camera — made  by  C.  V.  llindic  of  New 
York — is  similar  in  all  essentials  except  that  the  width 
of  film   (60  mm.)   is  slightly  less  than  in  the  Cambridge 


record  has  been  taken  it  rarely  exceeds  250  cm.  in  lengtli 
It  is  best  developed  cither  by  placing  it  emulsion  sid 
upwards  on  a  board  and  moistening  with  tlie  dcvelope 
placed  on  a  sponge,  or  by  holding  the  ends  in  the  tW' 
liands  and  drawing  the  paper  vertically  backward 
and   forwards  through  the  developer. 

Tinu-yttarker. — An  essential  condition  for  the  stud; 
of  the  records  obtained  from  the  electro-cardiograph 
and  especially   for  the  comparison  of  any  two  record 

J  or  electro-cardiograms,  is  an  accurate  time  scale 
Einthoven  at  once  recognized   tliis  and  developed,   ii 

'  the  masterly  way  in  which  the  whole  of  his  worl 
has  been  carried  out,  an  accurate,  but  compUcated 
mechanism  for  printing  a  time  scale  on  his  record 
simultaneously    with  tlic  photographing  of  the  electro 

I   cardiogram. 

A  comparatively  large  electric  motor  drives,  througl 

j    accurately  cut  gearing,  a  sector  wheel  which  intercept 

I  the  light  beam  from  the  galvanometer  to  the  camera 
The  speed  of  the  sector  wheel  is  controlled  by  mean 
of  a  standard  clock.  The  mechanism  is  too  compli 
cated  for  the  ordinarA*  clinical  laboratory',  and  othe 
simpler  pieces  of  mechanism  have  had  to  be  devised 
A  vibrating  reed  in  which  the  vibrations  are  maintainee 
electrically  is  frequently  employed.  The  sliadow  o 
the  reed  is  projected  on  the  photographic  plate  and  j 


Fic.   10. — Continuous  paper  camera. 


Fig.  II. — lilectrically-maintained  tuning-fork  and  motor. 


model.  The  camera  itself  is  built  of  metal  and  not  of 
w<kh1.  This  is  a  distinct  aivantagc  when  climatic 
(iinditions  arc  unfavourable  to  w<x)d. 

The  Nicolai  or  lluth  instrument  also  uses  film  bo  mm. 

in  width.      Two  mr>dcls  arc  in  general  use,  one  wliirli 

1%  ver\'   similar   to   the  camer.is  just   des«  ril>ed,   and   a 

v-> 'itI    whifh   IS   fitted   with   an   automatic   developing 

t  by  means  of  which  llic  paper  pa.vti  s  through 

and  hxing  baths,  a  dcvelope<I  record  leaving 

I  two  minutes  after  it  has  been  cxposctl. 

.  very  largr  numl>er  of  records  arc  to  be  taken 

>  ly.  there  is  no  advantage  in  having  an  nuto- 

I  t   takes  some  little  time  to  start  up 

.1  '  fleal  of  cleaning  alter  use. 

Ill  pi.u.lu.c  It  M'll  Itc  found  that  when  a  continuous 


record  similar  to  I'ig.  13  is  obtained.  In  all  the  record 
in  this  figure  the  time-marker  is  indicating  thirtieth 
of  a  second.  Not  infrequently  the  method  is  modilie( 
by  using  an  clectrically-drivcn  tuning-fork  to  maintaii 
a  small  l>cpicz  tiino-marker  in  motion.  This  is  ; 
convenient  arrangement,  as  the  tuning-fork  can  l)i 
placed  on  a  rigid  support  at  a  little  distance  from  tin 
galvanometer  and  camera  :  the  lime-marker  is  placet 
so  as  to  intercept  the  light  beam. 

A  further  modilicatioii  ol  this  latter  method,  which  ii 
largely  due  to  M.  liiill,  is  the  one  that  has  come  int< 
general  use.  An  electrically-maintained  tuning-forl 
or  bar,  .\,  of  a  frcqucnc  y  of  50  per  second,  makes  anc 
breaks  at  the  contact  H  (sec  Fig.  11)  a  circuit  in  whici 
are  the  held  coils  !•"  and  I"'  of  a  Rayleigh  attractcd-iroi 
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motor.  The  coil  C  which  maintains  the  tuning-fork 
in  \-ibration  is  in  the  same  circuit,  so  that  the  rotor 
of  the  motor  simultaneously  receives  impulses  with  the 
fork. 

The  rotor  D  has  lo  teeth  and  is  therefore  moved 
forward  one  complete  revolution  every  1/5  second.  It  is 
started  by  giving  a  gentle  twist  to  the  axle  and,  as  soon 
as  it  has  reached  the  correct  speed,  runs  synchronously 
with  the  fork.  The  rotor  carries  a  disc  E  mounted 
upon  its  axle,  having  five  projecting  pieces  wliich,  when 
interposed  in  the  light  beam  leaving  the  eye-piece  (see 
Fig.  2),  occult  it  for  a  short  interval  of  time,  thus 
preventing  the  light  from  falling  on  the  plate.  These 
unexposed  parts  form  the  vertical  time-lines  shown  in 
the  cardiogram  in   Fig.    14.     The  fifth  projecting  piece 


Illuminani. — The  most  satisfactory  source  of  Ught — 
especially  if  quick  records  are  to  be  taken — is  an  arc 
lamp.  A  useful  model — because  the  position  of  the 
crater  remains  practically  constant — is  one  in  which 
the  positive  carbon  is  mounted  horizontally.  The 
carbons  are  fed  together  automatically.  In  chnical 
work  the  current  required  does  not  generally  exceed 
6  amperes.  In  some  of  the  German  instruments  Nernst 
lamps  are  employed.  It  is  now  impossible  to  obtain 
Nernst  lamps  in  this  country  and  the  "  Pointohte  " 
made  by  the  Ediswan  Company  is  from  many  points 
of  view  a  better  lamp.  Not  improbably  it  will  become 
the   lamp   used   in   clinical   electro-cardiographic   work. 

Electrical  connections. — As  previously  mentioned,  con- 
nection is  made  to  the  patient  by  means  of  non-polariz- 


EXCITING     CIRCUIT 
m   ELECTRDMOGNEl 


GALVANOMETER 


EUCTRODES 


LEAD  SV'ITCH 


Fig.   12. — -Diagram  showing  connections  of  switchboard. 


H  on  the  disc  is  made  wider  than  the  others  and  hence 
gives  a  wider  and  apparently  darker  line  on  the  photo- 
graph. The  lines  shown  are  therefore  1/5  second  and 
1/25  second.  By  fitting  discs  having  a  greater  number 
of  teeth,  and  by  making  the  photographic  plate  or  paper 
move  more  rapidly,  small  intervals  of  time  such  as  0001 
second  can  be  measured.* 

A  small  condenser  J  (3  mfd.)  must  be  placed  across 
the  contact  to  extinguish  the  sparks  on  the  break.  If 
a  condenser  is  employed,  a  motor  can  be  run  continu- 
ously for  days  without  any  deterioration  of  the  contacts. 

•  This  sldiement  must  be  accepted  with  a  certain  amount  of  reservation. 
It  assumes  that  the  tuning-fork  is  adjusted  to  an  accuracy  of  at  least  i  per  cent, 
and  that  the  positions  of  the  teeth  of  the  rotor  and  the  spokes  on  the  time-marking 
wheel  are  cut  to  the  same  degree  of  accuracy.  It  also  assumes  that  the  friction 
in  the  bearings  of  the  rotor  is  constant,  and  that  the  magnetic  impulses  to  the 
fork  and  motor  are  also  constant.  The  intervals  on  the  record,  such  as  Fig.  14, 
are  generally  1/25  second  apart,  but  not  infrequently  the  wheel  is  adjusted  to 
give  intervals  of  i  100  second.  In  such  cases  measurements  of  i  1,000  second 
are  made  by  estimation. 


able  electrodes  into  which  the  limbs  of  the  patient  are 
placed.  Three  electro -cardiograms  are  taken,  generally 
on  the  same  photographic  plate,  the  two  arms  and  the 
left  leg  being  used.  Following  the  notation  of  Einthoven 
the  connections  are   always  referred  to  as   follows  :— 

Lead  I.   Right  arm  and  left  arm  connected  to  the  instru- 
ment. 
II.   Right  arm  and  left  leg. 
III.  Left  arm  and  left  leg. 

Superimposed  on  the  varying  currents  due  directly 
to  the  heart,  there  is  generally  a  relatively  large  and 
fairly  steady  current  due  to  an  electromotive  force  set 
up  by  the  glandular  activities  of  the  skin  and  known 
as  "  th?  skin  current." 

It  is   necessary   that   this  should   be  ncutra'ized   by 
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the  introduction   of  an  equal   and   opposing  potential 
difference. 

In  order  that  the  various  cardiograms  may  be  com- 
parable u-ith  each  other,  it  is  essential  that  the  galva- 
nometer from  which  tlicy  are  obtained  should  be  stand-  ' 
ardized  to  tlic  same  sensitivity.  In  this,  all  obserxcrs 
have  lollowed  Einthoven's  lead  and  have  adopted  a 
sensiti\-it\- of  an  excursion  of  lo  mm.  on  the  photographic 
plate  for  an  apphed  potential  difference  of  i  millivolt 
when  the  connections  are  complete  through  the  patient. 
It  is  also  frequently  desirable  to  know  the  resistance 
of  the  galvanometer  and  of  the  patient.  The  electrical 
connecUons  to  fullil  the  above  requirements  have  now 
after  a  lengthy  evolution  Ixron  reduced  to  a  not  very 
complicated   design   and   are   sho«-n   in   Fig.    12. 

An  accumulator  or  large  dr>'  cell  supplies  the  current 
for  the  potentiometer  circuit.  The  electrodes  in  which 
the  patient's  limbs  arc  placed  are  connected  to  the 
three  terminals  on  the  control  board,  and  assuming 
that  it  is  desired  to  take  a  cardiogram  of  Lead  I — 
right  arm.  left  arm — the  lead  switch  is  placed  as  in 
the  diagram.*  In  all  preliminary'  work  with  the  string 
galvanometer  it  is  advisable  to  cut  the  galvanometer 
out  of  the  circuit  by  placing  the  calibrating  switch  in 
the  ■■  short-circuit  "  position.  Tlic  current  in  the 
circuit  is  then  adjusted  by  means  of  the  rheostat  until 
the  pointer  ol  the  small  voltmeter  indicates  0-5  volt. 
When  such  is  the  case  there  is  a  drop  of  1  millivolt 
and  3  millivolts  respectively  across  the  studs  of  the 
calibrating  switch  where  marked  i  and  3.  The  cali- 
brating switch  is  then  movetl  to  the  position  shunt 
1/100.  when  i/iooth  of  the  current  piisses  through  the 
galvanometer.  A  deflection  on  the  galvanometer  due 
to  tlie  skin  current  of  the  patient  will  then  be  observed. 
This  is  brought  to  zero  or  "  compensated  "  by  the 
introduction  of  a  counter  electromotive  force,  the 
rheostat  or  "  compensator  "  being  turned  until  there 
is  no  deflection  of  the  galvanometer.  The  switch  is 
then  moved  to  i/io.  which  will  probably  produce 
another  deflection,  which  must  again  be  ncutrahzed 
by  the  rotating  compensator.  The  switch  is  finally 
put  on  to  the  zero  position,  and,  if  necessary,  the  com- 
pensator is  again  a<ljusted.  The  galvanometer  will 
then  show  the  periodic  deflections  due  to  the  electro- 
motive  force   prrnluccd   by   the   lieart's  action. 

The  galvanometer  should  now  be  calibrated  and,  if 
Deccj>&ary,  adjusted  for  sensitivity.  As  prex-iously 
explained,  it  is  usual  that  the  image  of  the  fibre  should 
be  dcilcttcd  through  10  mm.  for  a  change  in  electro 
motive  force  o(  i  millivolt.  The  mean  position  of  the 
string  IS  carefully  observed  and  the  calibrating  switch 
put  on  to  the  "  I  "  stutl.  1  his  intro<luct«  i  millivolt 
into  the  circuit,  and  the  ^^ul<low  ol  the  siring  will  move 
to  a  point  <m  the  scale  depomling  on  the  slntkness  of 
the  libre.  llic  tension  on  the  string  is  adjusted  by 
mean*  of  the  micrometer  screw  until  the  correct  sensi- 
tivity IS  obtained.  If  a  larger  deflection  is  required, 
3  miUivolta  may  be  introduced  by  putting  the  switch  on 
the  "  3  "  Hi     ■  II  of  30  mm.  should  be  given. 

•   TW   n^»-f  -  ,n«trtim«mt    U   »lirtwn   praphirAllv   in 


■'f^^»iy   CK^incAi    a<J)>lkUt>rut«   ir-jn 


The  resistance  of  the  string  is  readily  measured. 
The  calibrating  switch  is  placed  on  the  "  short- 
circuit  "  position  and  the  selector  switch  on  the  zero 
position.  The  compensator  is  then  adjusted  until  the 
galvanometer  string  remains  at  zero,  when  the  cali- 
brating switch  is  moved  from  the  "  short-circuit  "  to 
"  O  "  position  (the  shunt  positions  having  been  used 
for  safety).  The  galvanometer  is  adjusted  to  standard 
sensitivity  for  3   milhvolts.     The  4,000-ohm  resistance 


V•^/^*^*  of  a  second 


The  resistance  of  the  fibre = 


Fig.  13. — Illustrating  the  cflccl  of  var>-ing  the 
tension  of  the  string  of  the  galvanometer. 

is  introduced  by  moving  the  selector  switch,   and  th« 
deflection  in  mm.  then  observed. 

4,000  X  2nd  deflection 
30  —  ind  dcfloclion 

In  a  newly  silvered  fibre  the  resistance  varies  frorr 
2,000   to   f>,ooo  ohms,  and   usually  slowly   increases. 

The  resistance  of  the  patient  may  Ik-  determined  ir 
a  similar  manner.  I'irst  compensate  for  any  skir 
current  and  calibrate  the  g.^lvanometer  to  standarc 
sensibility,  viz.  30  mm.  deflection  (or  3  millivolts.  IMu 
patient  is  then  disconnectol  by  moving  the  selectoi 
switch  to  the  4,000  ixisition,  and  the  "  comi>cnsator  ' 
adjusted  until  the  string  remains  at  iU  zero  position 
The  deflection  when  3  millivolts  are  introduced  ii 
then  noted.  Knowing  the  resistance  of  the  galvano 
meter  string,  th.it  ol  the  jialienl  may  be  determined 
the    deflections    being    projxirtional    to    the    rcsistano 
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of  the  galvanometer  string  and  the  patient,  and  the 
galvanometer  string  and  4,000  ohms  respectively.  The 
resistance   includes   that   of   the    electrodes. 

Many  of  the  heart  movements  it  is  desired  to  study 
are  very  rapid,  and  experience  has  shown  it  is  essential 
that  the  string  when  adjusted  to  the  working  sensitivity 
of  10  nim.  per  millivolt  should  be  just  aperiodic.  Corre- 
sponding to  this  sensiti\'it\-  a  certain  tension  is  required 
in  each  string.  This  gives  each  string  a  certain  free 
period  ;  the  damping  at  this  period  must  be  such  that 
the  motion  is  aperiodic. 

In  practice  it  is  found  tha,t  a  silvered  glass  or  quartz 
fibre  about  100  mm.  long  and  0003  mm.  in  diameter 
well  fulfils  the  conditions  and  attains  practically  its 
full  deflection  corresponding  to  the  applied  voltage  in  less 
than  o'02  second.     Fig.  13*  shows  the  effect  of  varying 


sion  type.  They  consist  of  an  inner  porous  vessel 
which  is  filled  with  a  20  per  cent  saline  solution  and  an 
outer  stoneware  vessel  filled  \rith  a  saturated  zinc- 
sulphate  solution  and  containing  an  electrode  of  zinc. 
Lewis  has  shown  that  records  taken  with  polarizable 
electrodes  are  distorted,  and  although  the  amount 
by  which  they  are  distorted  is  slight  it  is  inadvisable 
to  use  them.*  If  the  electrodes  polarize  slowlv,  distor- 
tion is  present  :  if  they  polarize  rapidlv,  distortion  is 
greater.  Distortion  is  due  to  the  rapid  development 
and  maintenance  of  a  charge  on  the  surface  of  the 
electrodes  while  current  is  flowing  through  them.  The 
electrodes  are  connected  by  flexible  leads  to  the  switch- 
board of  the  instrumsnt-t  Fig.  14  is  a  reproduction 
of  an  electro-cardiogram  obtained  from  the  three  leads. 
The   various   phases    in  the  curves  hive  been  lettered 


Fig.  14. — Actual  cardiogram. 


the  tension  on  the  string  iu  a  striking  manner.  The 
cur\-es  on  the  right  of  the  figure  were  taken  with  differ- 
ent resistances  in  circuit  and  thev  were  all  adjusted  to 
a  sensibiUty  of  10  mm.  per  miUivolt  with  different 
tensions  on  the  string.  From  above  downwards  (A  to 
F),  the  added  resistance  was  increased  and  the  string 
slackened.  The  deflection  times  for  the  six  strings 
were  0013,  o"023,  o"028,  004  =  ,  o'o6o,  and  0070  second. 
Since  the  damping  factor  is  a  constant,  a  reduction  in 
the  tension  un  the  string  causes  overdamping,  and 
hence  the  string  cannot  follow  the  changes  in  potential 
due  to  the  heart's  action  with  sufficient  rapidity  and 
the  curves  are  distorted.  This  is  clearly  shown  in  the 
records  to  the  left  of  the  figure.  The  electro-cardio- 
grams ol  the  first  two  strings  are  practically  alike  and 
correct  ;  distortion  is  seen  in  the  third  record  when  the 
deflection  time  is  increased  to  0028  second. 

The  electroaes  used  are  of  the  non-polarizable  immer- 

•  Reproduced  by  kind  pennissioa  of  Dr.  T.  Lewis  from  Fig.  6  of  '*  Clinical 
Elcctro-cardiogiapby." 


according  to  the  notation  of  Einthoven.  P,  the  first 
phase,  is  due  to  the  simultaneous  contraction  of  the  two 
auricles.  O,  R,  S,  and  T  (of  which  R  and  T  are  the 
most  prominent)  are  the  result  of  simultaneous  con- 
traction of  the  two  ventricles. 

As  with  all  apparatus  designed  for  research  work, 
extreme  opinions  as  to  irs  value  must  be  received 
with  caution.  On  the  one  hand  the  enthusiast  is 
inclined  to  claim  too  much  for  the  new  tool  with 
which  he  is  doing  such  good  work,  whilst  the  man 
of  conservative  instinct  is  apt  to  depreciate  new  and 
comphcated  instruments.  It  is  not  an  easy  matter 
to  get  the  best  out  of  such  apparatus,  some  special 
training  and   experience  in  its  use  being   essential.' 

•  T.  Lewis  :  "  Polarizable  as  against  non-polarizable  electrodes,"  Journal 
0/  Physiology,  1915,  vol.  49.  .    .       ,     j  j      ^         .>. 

t  If  desired,  the  patient  may  be  several  hundred  yards  from  tlje 
instrument,  the  limbs  being  placed  in  electrodes  at  the  bedside.  In  some 
hospitals  the  wards  are  electricallv  connected  to  the  electro-cardiograph  room 
by  cables  and  telephones,  so  that  the  record  of  a  patient  in  bed  may  be  taken 
in  the  laboratory  n-ith  as  little  inconvenience  as  possible  to  the  patient 
(W.  EiNTHO\'ES  ;"Le  ti]i-c3idiogaiame,"Archiviniernaiional<:dcsJ'hysioIo£U, 
1906,  vol.  4,  p.  132). 
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The  clcctro-caxdiograph  has  abeady  brought  to  light 
new  (acts,  has  afforded  a  solution  of  conditions  and 
phv-sical  signs  hitherto  difficult  of  explanation.  I 
undrrstajid  that  with  its  aid  the  young  clinician  may 
obtain  results  hitherto  gained  only  by  long  and  carc- 
lul  observation  and  alter  wide  experience,  while  the 
experienced  pln-sician  on  I  ho  other  hand  may  widin 
the  field  of  his  obser\ation,  control  his  results  and 
thus  strengthen  his  diignosis. 

That  an  instrument  of  great  interest  from  the  point 
of  xncw  of  the  ph\-sicist.  lK)th  in  its  design  and  in  its 
achievements,  should  have  become  so.  imiwrtant  to 
clinical  medicine  is  only  another  example  of  the  inter- 
dependence of  the  sciences. 

The  thanks  of  the  author  are  due  to  Dr.  T.  I-ewis, 
F.R.S.,  Profi^ssor  Sims  W  )odhcad,  and  also  to  his  col- 
leagues, Mr.  C.  C.  Mason.  Mr.  \V.  H,  Apthorpe,  and  Mr.  F. 
Rowcliffe,  for  many  valuable  suggestions  and  criticisms. 


APPENDIX. 
Tech.vical  Data. 

Temperalure  coefficient. — The  string  galvanometer 
has  undoubtedly  a  considerable  temperature  coefficient, 
especially   at   the   point   where   the  string  is  stretched 


coefficient  than  quartz  or  glass  are  not  so  troublesome 
in  this  respect.  Ex]x>rimcnts  made  by  the  Cambridge 
Scientific  Instrument  Ct>mpany  with  a  quartz  and 
also  with  a  bi-metallic  support  to  eliminate  this  tem{>era- 
ture  effect  on  the  thread  were  not  successful.  In 
practice  it  will  be  found  that  alter  the  instrument 
hr\s  been  running  for  one  or  two  hours  the  temperature 
remains  remarkably  constant  and  th:it  little  trouble 
is  caused  by  variations  in  temperature.  It  is,  however, 
advisable  to  adjust  the  instrument  to  a  definite  sensi- 
ti\ity  by  altering  the  tension  on  the  string  before 
m:ikmg  any  observation. 

Quartz  or  glass  fibre. — The  quartz  fibres  are  generally 
drawn  by  the  method  suggested  by  C.  \'.  Bovs  •  and 
I  are  silvered  by  means  of  the  silver  nitrate  and  Rochelle 
salt  process. t 

A  mcthoil  due  to  Suter  in  which  a  falling  weight 
draws  a  glass  thread  through  an  electric  heater  has 
proved  vcr^•  successful  in  the  manufacture  of  glass 
fibres.  The  latter  appear  to  silver  more  easily  thaa 
the  quartz.  Cleanliness  is  essential  for  the  successful 
silvering  of  either  glass  or  quartz  fibres.  If  possible 
a  fibre  should  be  drawn  and  then  silvered  almost  immedi- 
ately. It  appears  to  be  impossible  chemically  to  remove 
the  film  that  is  deposited  on  a  fibre  in  a  few  hours 
even  in  a  comparatively  clean  room.  If  the  most 
stringent  precautions   are  taken  against  dirt,  and  pure 


Sensitiviiies  and  Resistances  of  Some  String  Galvanometers  {Cambridge  pattern)  fitted  with  Strings  of  Various 

Materials.     Magnification =()oo  diameters. 
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*  Thae  value«  oomponA  to  th«  valuem  tued  for  caMiomphic 
t   In  thli  cu*  the  movement  of  the  bbre  wu  quite  dema-bc«t ; 


it  touk  about  10  tecoatU  to  attain  its  full  deflection. 


exactly  vertical  without  torsion  or  tension.  The  string 
is  held  in  a  metal  frame  and  this  is  sensitive  to  tempera- 
ture changes  The  temperature  coefficient  of  fuse<l 
quart/  in  0-4  y  10— *,  whilst  the  value  for  brass  i.t 
l8xio~*.  The  mct.il  h.'ui  therefore  a  temperature 
CorfTicient  of  aUiut  40  times  that  of  the  <)uartz.  The 
fe»'i1t  in  that  with  .in  increase  111  temperature  the  string 
is  ntretched  and  tlir  drflection  for  a  given  current  in 
rr<lii<i-.I  •     M.  t  ,11.,    VI II,..  ),  .ving  a  greater  temperature 

•  'hnvtMi  ha%  Bhown  Ihat  il  It  dr«lrat>le 

•"  •  1  t'l  t.  ojrtfjirteC.     W.Ellinioril' : 

'  Uh  lUaMlfu^lMtt  tltt  SaiUn<.iUAi.>.tbrUn,"  p.  |oj. 


chemicals  are  employed,  little  difficulty  will  be  experi- 
enced in  the  manufacture  of  s.itisfactorily  conducting 
fibres 

A  silvered  fibre  75  mm.  long  and  0003  mm.  in  di.amcter 
has  an  approximate  resistance  of  2,500  ohms.  When 
first  silvered  it  will  not  improbably  have  a  resistance 
of  2,000  ohms,  and  tins  will  gradually  rise  to  about 
2,500  ohms.     It   will    then  remain  constant  over  many 

•  r.  v.  nor*  ■    "  On  lit*,  I'nwlurtlnn,  Prop^rlir*.  an<i  tnmr  Sucfrttvd  l/eM 
,.f    thr    1  lnr«t   Thrr«,|t,"    /■»il,)in/,»i.  oi   Vacaiinr,    Hit;,   v.,1.    ly,   p.   48^.      R. 

1'navLrALL:   "  On  Lalwratory  Arii,"  pp.  aD4'.9  ;  MacmiUan  &  Co.,  Loodoo. 
t  "  On  Labonlorjr  Atta,"  p.  ■)■. 
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months,  assuming  its  tension  is  not  varied  through 
any  large  amount  and  that  the  maximum  tension  is 
not  employed. 

Both  Einthoven  and  Williams  *  have  introduced  the 
method  of  silvering  or  platinizing  the  fibres  by  the 
cathode  spray.  The  film  so  deposited  is  more  homo- 
geneous and  smooth  than  any  chemically  deposited 
film.  It  has  the  advantage  that  as  the  film  is  so  thin 
no  appreciable  increase  in  air  da.mping  is  introduced, 
as  must  occur  in  the  thicker  chemically  deposited  film. 
The  image  of  a  fibre  covered  in  this  way  is  also  much 
cleaner  when  projected  on  to  the  slit  of  the  camera. 
\Villiams  has  calculated  that  a  film  deposited  by  the 
cathode  spray  is  48  x  io~^  mm.  in  thickness.  The 
sprayed  films  gradually  rise  in  resistance,  as  the  following 
figures  show  : — 

December  1913  Augu?t  1914 

2,400  ohms  rose  to  3,420  ohms 
3.020      ,,  ,,      3,820     „ 

Einthoven  has  studied  in  detail  the  theoretical  con- 
siderations of  the  mass  of  the  string,  air-damping, 
resistance,  etc.,  and  reference  should  be  made  to  his 
papers  on  the  subject. 

The  following  data  with  regard  to  the  galvanometer 
and  accessoiies  used  in  electro-cardiograph  work  may 
be  of  interest  : — 

Field  magnet  of  galvanometer. 

Standard  winding  I. 

Exciting  voltage  for  coils  connected  in  series=220 

volts. 
Exciting  voltage  for  coils  connected  in  parallel=iio 

volts. 
Normal  exciting  current,  coils  in  series  =  0-3  ampere. 
Normal    exciting    current,     coils    in    parallel  =  o-6 

ampere. 
Standard  winding  II  (for  accumulator  circuits). 
Exciting  voltage  for  coils  connected  in  series  =  20 

volts. 
Exciting   voltage    for   coils    connected   in   parallel 

=  10  volts. 
Normal  exciting  current,  coils  in  series  =  3  amperes 

approx. 
Normal  exciting  current,  coils  in  parallel  =  6  amperes 

approx. 
Energy'  absorbed  in  coils  in  series  or  parallel  =  60 

watts  approx. 

Fibre  or  string. 

When  the  vibrating  fibre  is  adjusted  so  as  to  deflect 
10  mm.  per  millivolt,  the  magnification  being  600, 
the  deflection  time  =  ooi6  second. 

Length  of  fibre  =100  mm. 

Resistance  from  2,000  to  8,000  ohms,  usually  about 
4,000  ohms 

Diameter  of  fibre  (silvered)  =0002  to  o'0O35  mm. 

Arc  lantern. 

Size  of  carbons.  Positive  and  negative  carbons  =  9 
mm.  diameter      Length  of  positive  carbon  twice  that 

•  H.  B.  Williams  :  "  On  the  Silvering  of  Quartz  Fibres  by  the  Cathode 
Spray,"  Physical  Review,  vol.  4,  p.  517, 


of  negative  carbon,  being  respectively  200  mm.  and 
100  mm. 

Normal  current  =  6  amperes. 

Resistance  required  in  series  with  arc  on  100  to  no 
volts  =  9  ohms  ;  200  to  220  volts=25  ohms. 

Optical  work  in  galvanometer. 

Small-diameter  substage  condenser  A  A  Achromat, 
external  diameter=i2  mm. 

Objective.     Apochromat,  external  diameter=i2  mm. 

Compensating  eye-piece.  No.  12. 

Microscope  hole  in  magnet=i3\5  mm.  diameter. 

Normal  magnification  of  600  when  distance  between 
eye-piece  on  galvanometer  and  camera  plate  =  32'5  in. 
(82-5  cm.). 

Plate  camera. 

The  dark  slides  are  fitted  with  an  adaptor  to  take 
the  following  sizes  of  plates  : — 


(i)  6f  in.  by  3J  in.—' 

(2)  7I  in.  by  5  in. 

(3)  17  cm.  by  8-5  cm. 
{4)   18  cm.  by  13  cm. 


Stereoscopic  size." 


Speed  of  plate  can  be  varied  between  zero  and  350  mm. 
per  second  by  means  of  the  oil  cylinder  valve-adjustment. 

Paper  camera. 

Bromide  paper  =  3j  in.  wide,  in  lengths  of  75  yards. 

Possible  speeds  of  paper  with  motor  running  under 
normal  conditions  and  on  correct  voltage  =10,  15, 
25,  35,  50,   75,  and  120  mm.  per  second. 

Time-markers.      Vibratory  pattern. 

No.  I  period,  008  second  ;  time  divisions,  0^04 
second  (1/25  in.). 

No.  2  period,  0-04  second  ;  time  divisions,  002 
second  (1/50  in.). 

Will  operate  on  i  dry  cell. 

Rotary  pattern. 

Speed  of  time  wheel  =  5  revolutions  per  second. 
Time  wheel  No.   i. 

Projections  on  wheel  arranged  to  give  :— 
Main  divisions  of  time=o-2  second  (1/5  in.). 
Intermediate  divisions  of  time  =  004  second  (1/25 
in.). 
Time  wheel  No.  2. 

Main  divisions  of  time=o-i  second  (i/io  in.). 
Intermediate     divisions     of     time  =  0-02     second 
(1/50  in.). 
Voltage    required    for    motor    and    vibrating    bar  =4 
volts  ;  current  =  o'45  amp. 

Vibrating  bar  =  50  periods  per  second. 
Condenser=3  microfarads. 

Cardiograph  control  board. 

Voltages  used  for  standardizing  the  deflections  of 
the  galvanometer=i,  2,  and  3  millivolts  respectively. 

Range  of  skin  current  compensation  possible  =  0  to 
200  millivolts,  positive  or  negative. 

Normal  range  of  resistance  measurement =o  to 
5,200  ohms. 
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Discission. 


Dr.  T.  LcNvis  :  It  was  my  privilege  some  10  years 
ago  to  introduce  to  clinical  medicine  in  this  country 
the  electro-cardiograph.  The  first  instrument  I  used 
was  the  Edelmann  in.strument  ;  but  it  is  to  be  regarded 
now  as  a  relatively  clumsy  machine.  While  working 
on  that  machine  I  had  the  good  fortune  to  meet  the 
author,  and  (hiring  the  last  8  years  my  laboratory  at 
University  College  has  worked  in  active  co-o|>eration 
with  his  hmi.  I  would  very  strongly  endorse  l*rofes.sor 
NN'oodheads  remarks  regarding  the  need  of  co-operation 
in  every  branch.  The  apparatus  which  the  author  has 
hhown  this  evening  is  essentially  a  clinical  installation  ; 
it  is  set  up  for  clinical  purjxises,  and  very  many  of  the 
adjustments  in  the  arrangement  of  the  (liflerent  pieces 
of  the  api^'iratus  and  in  the  switchlioard  have  come  as  a 
direct  result  of  the  co-operation  between  the  two  lalxira- 
tones.  The  instrument  as  it  now  stands  is  very  six-edy 
in  taking  accurate  records.  When  1  mention  that  three 
curves  may  1m-  taken  from  a  patient's  heart  within  a 
lew  minutcn,  wherea,s  in  the  old  days  it  would  have  taken 
u»  perhapn  half  an  hour  to  secure  the  same  curves,  it 
will  be  iicen  at  once  what  the  me<lual  profession  has 
Kaine<l  through  »uch  an  adjuHtment.  I  should  like  to 
«h«w  a  few  <  linual  record*  an<l  say  a  few  words  in  rela- 
tion to  1  .f  the-  (iirve*  as  they  are  taken 
from  p.i'.  T-itc  the  value  of  sm  h  appara- 
tus to  u»  aa  clinician..      1  will  take  one  cycle  of  a  heart 


beat.  Each  beat  of  the  heart  sets  up  a  complex  scries 
of  dellcctioiib  of  the  string.  The  heart  consists  of  two 
parts,  the  auricular  and  the  ventricular  jwrtions,  and 
each  oi  these  gives  rise  to  an  electric  current  in  the  body, 
which  is  registered  by  this  ap|>aratus,  so  that  any 
derangement  of  the  heart's  action  can  be  observed. 
[Dr.  Lewis  then  showed  a  number  of  lantern  slides.] 
lastly  1  will  show  a  few  records  of  heart  sounds 
obtained  witli  this  machine  ;  by  connecting  the  string 
of  the  galvanometer  to  a  microphonic  system,  we  are 
able  to  obtain  records  of  the  heart's  sounds.  The 
micro])hone  which  has  been  available  so  far  is  not  satis- 
factory ;  we  want  a  microphone  with  a  higher  natural 
frequency,  one  which  will  record  oscillations  of,  say, 
300  to  400  or  even  500  per  second.  If  we  could  obtain 
such  a  microphone  and  work  it  in  conjunction  with  a 
galvanometer  we  should  be  able  to  record  a  g«x>d  many 
sounds  from  the  heart  which  are  at  the  present  time 
quite  unobtainable. 

Dr.  Sidney  Russ  :  There  arc  two  questions  which  \ 
should  like  to  put,  but  1  am  not  sure  whether  I 
should  address  them  to  the  author  or  to  Dr.  Lewis. 
I>ooking  at  some  of  the  tracings  obtained  by  means  o( 
the  inachinr,  one  notices  there  is  often  a  .series  of  wliat 
seem  to  be  inci-hanRal  vibrations.  Thi-v  iipjicar  to  have 
quite  a  dillrrcnt  peritxiitity,  and  soiiu-tinies  they  give 
a  lot  of  trouble.     1  should  like  to  know  whether  they  are 
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entirely  due  to  mechanical  vibrations,  or  whether  there 
is  any  physiological  basis  for  them.  In  the  second  place, 
in  the  apparently  quiescent  part  of  the  curve  it  may  be 
noticed  that  occasionally  the  curve  rises  ;  sometimes 
it  gives  a  slight  rise  and  then  falls  back  to  its  previous 
level.  It  seems  unlikely  that  that  would  be  a  skin- 
current  effect  due  to  incorrect  compensation,  and  it  has 
been  suggested  that  it  may  have  a  physiological  basis. 
It  is  a  very  small  effect,  and  the  present  sensitiveness  of 
the  instrument  would  not,  perhaps,  allow  any  actual  con- 
clusion upon  it,  and  that  raises  the  question  as  to  whether, 
in  looking  for  still  smaller  effects  that  are  being  studied 
to-day,  it  will  be  at  all  advantageous  to  cut  down  the 
skin  resistance.  In  the  paper,  various  estimates  of  the 
skin  resistance  are  given  between  hand  and  hand,  and 
there  is  rather  a  big  margin  allowed  for  it.  The  figures 
are  2,000,  3,000  and  5,000  ohms.  I  have  no  doubt  the 
author  knows  of  the  experiments  by  Professor  Gee  on 
the  resistance  of  the  human  body,  and  how  it  can  be 
very  considerably  lessened  by  the  preparation  of  the 
surface  of  the  skin.  I  should  like  to  ask  him  whether 
he  thinks  any  useful  purpose  would  be  served  by 
elaborating  those  particulars. 

Dr.  A.  Blackhall-Morison  :  I  fully  endorse  what 
Dr.  Lewis  stated  in  his  concluding  remarks  as  to  the 
desirability  for  the  invention,  with  the  help  of  electrical 
engineers  and  experts,  of  some  means  of  detecting, 
better  than  one  can  now,  some  of  these  sounds  which  as 
a  rule  elude  our  ears.  There  is  no  question  that  there 
are  conditions  of  the  heart  which  escape  us,  and  which 
electrical  methods  have  undoubtedly  revealed,  such  as 
the  condition  that  Dr.  Lewis  spoke  of  last,  where  the 
condition  of  rhythmical  contraction  of  the  auricle  is  too 
rapid  and  too  fine  to  be  heard.  Is  there  any  possibility 
of  the  time-marker  being  made  absolutely  automatic  ? 
With  the  instrument  I  use,  which  is  made  by  the 
Cambridge  Scientific  Instrument  Company,  it  is  some- 
times necessary  to  revolve  the  rotor  half  a  dozen  times 
in  order  to  catch  the  time  of  the  tuning-fork.  Would 
it  be  possible  to  arrange  so  that  one  could  have  a 
simultaneous  result  without  the  constant  effort  to  find 
the  mark  ?  The  light  I  use  is  the  one  used  here,  and  I 
find  it  is  not  always  so  satisfactory  as  it  might  be, 
although  one  takes  the  trouble  to  get  the  electrodes 
as  nearly  as  possible  into  the  correct  position.  If  the 
automaticity  of  the  rotor  could  be  secured  and  also 
a  little  better  illumination,  I  think  the  instrument 
would  be  perfect. 

Dr.  G.  E.  S.  Ward  :  It  may  interest  some  of  the 
members  to  hear  my  views  from  a  clinical  standpoint.  I 
cannot  praise  too  highly  the  apparatus  which  has  been 
described  by  the  author.  I  was  present  at  University 
College  Hospital  when  this  particular  type  of  apparatus 
was  first  installed,  and  I  took  a  great  deal  of  trouble  to 
see  that  we  got  the  same  apparatus  installed  in  the 
hospital  to  which  I  belong.  Although  it  looks  somewhat 
complicated  to  a  novice,  it  reall}'  is  extremely  easy  to 
work  ;  in  fact,  the  various  parts  are  so  carefully  put 
together  that  one  might  go  further  and  say  it  is  almost 
fool-proof.  At  the  hospital  where  I  work,  every  ward 
is  wired  to  th?  apparatus  and  it  is  possible  to  take 
tracings  from  every  bed  in  the  hospital.  In  spite  of  that 
somewhat  complicated  system,  however,  we  have  never 


had  any  radical  defect  of  the  machine  itself,  although 
we  have  had  a  little  trouble  occasionally  in  connection 
with  the  wiring  between  the  wards  and  the  machine. 
Coming  to  the  various  parts,  as  regards  the  galvano- 
meter and  the  time  marker  and  the  camera,  I  cannot 
praise  them  too  highly.  They  have  never  caused  any 
inconvenience  or  trouble  at  all  ;  but  there  are,  in  regard 
to  other  parts  of  the  apparatus,  one  or  two  little  points 
about  which  I  should  like  to  ask  questions.  When 
one  realizes  the  consummate  care  which  has  been  taken 
in  the  other  parts  of  the  apparatus,  one  cannot  help 
feeling  that  if  some  means  were  adopted  of  covering  in 
the  compensating  wire  and  sliding  adjustment  on  the 
control  board,  defects  due  to  microscopic  pieces  of  dust 
would  not  arise.  Then  with  regard  to  the  electrodes, 
those  shown  are  admirable,  but  there  are  certain  types 
of  patient  who  cannot  sit  in  a  chair  ;  they  may  be  very 
ill  and  they  must  have  their  tracings  taken  from  the  bed. 
I  cannot  help  feeling  that  if  something  could  be  bound 
round  the  limb  it  would  be  more  comfortable,  and 
therefore  one  would  be  more  likely  to  get  a  more  perfect 
record.  If  a  patient  is  very  nervous  or  restless  owing  to 
illness  one  is  not  likely  to  get  as  good  a  record  as  one 
might  otherwise  do.  For  some  years  the  hospital  to 
which  I  belong  has  been  accustomed  to  use  a  different 
t5'pe  of  electrode,  which  naight  be  condemned  as  not 
being  non-polarizable,  but  experience  has  shown  us  we 
I  can  get  verj^  good  tracings.  I  have  brought  the  inside 
■  of  one  of  these  electrodes.  It  is  a  piece  of  matting  of 
copper  filing  and  string  and  flexible.  That  is  sewn  into 
a  flannel  jacket  long  enough  to  encircle  the  limb.  This 
is  attached  by  an  ordinary  screw  terminal  to  the  machine. 
If  this  is  kept  thoroughly  soaked  in  saline  solution,  and 
rubber  sheeting  is  then  wrapped  round  it  so  that  it  keeps 
moist,  we  have  found  by  practical  experience  that  we  get 
very  good  tracings — better  tracings  than  we  had  obtained 
sometimes  from  using  the  apparatus  shown  here.  It  is 
only  a  slight  point,  but  I  should  like  to  hear  the  author's 
opinion  on  it.  Finally,  there  is  one  point  to  which  he 
refers  on  page  21,  with  regard  to  the  light.  It  is  most 
important  to  have  as  steady  a  light  as  possible,  and  I 
think  that  the  Hght  provided  on  the  apparatus  is  as 
steady  as  an  arc  lamp  can  be.  This  week  I  asked  Dr. 
Sidney  Russ  if  it  would  be  possible  to  work  with  a 
"  Pointolite."  We  have  not  tried  it  yet,  but  we  feel 
inclined  to  do  so,  because  it  gives  a  perfectly  steady  light. 
Mr.  P.  M.  Baker :  Dr.  Ward  has  mentioned  the 
possible  use  of  the  "  Pointolite."  We  tried  it  on  some 
optical  indicators  of  aero-engines  and  found  it  useless. 
I  do  not  know  why,  and  I  have  not  since  had  time  to 
investigate.  We  got  very  under-exposed  photographs 
with  the  "  Pointolite,"  whereas  with  a  small  arc  of 
about  the  same  candle-power  we  got  beautiful  ones. 

Professor  A.  W.  Porter  :  It  does  not  seem  to  be 
generally  known  that  an  instrument  for  indicating 
electric  currents  by  means  of  the  movement  of  a  fine 
thread  or  string  between  the  poles  of  a  magnet  was 
de\dsed  by  Cumming  in  1826;  and  the  gold-leaf 
telegraph,  depending  on  the  same  principle,  was  intro- 
duced by  Paton  in  1846.  These  two  instruments  pre- 
ceded Einthoven  s  by  many  years.  In  stating  this, 
I  do  not  wish  to  detract  from  the  great  advances  made 
by  Einthoven  in  designing  his  instrument. 


28    WHIPPLE:   SOME    NOTES   0\   THE    ELECTRO-CARDIOGRAPH:    DISCUSSION'. 


Mr.  A.  P.  Trotter  [communicaled)  :  The  capillary 
electrometer  develope<l  by  the  late  Professor  G.  L. 
Burch  was  used  by  him  in  1894  to  photograph  telephonic 
currents  (EUclrician.  1896.  vol.  37,  p.  517).  It  seems 
probable  that  this  method  might  be  used  to  reconl  heart 
murmurs. 

Mr.  R.  S.  Whipple  (in  reply.  commumcaUd)  :  I 
agro<»  with  Dr.  l,cwi>  that  the  microphone  at  present 
>i-cl  for  the  measurement  of  heart  sounds  is  unsatis- 
t.n  tor\'.  There  is  undo\ibtedly  an  interesting  a-id  useful 
field  of  research  open  to  the  exjx-rimenter  who  obtains 
a  satisfactory*  microphone  for  this  purpose. 

The  movements  in  the  electro-cardiogram  to  which 
I>r.  Russ  refers  arc  not  improbably  due  to  muscular 
tremors.  It  has  been  found  advisable  to  park  the  elec- 
tr<ides  into  which  the  hands  are  placed  with  cotton- 
wool soaked  in  the  salt  solution.  The  wool  steadies 
and  »upports  the  hands  and  greatly  reduces  the  muscular 
contractions.  The  string  galvanometer  is  undoubtedly 
sensitive  to  mechanical  vibration,  but  as  a  rule  the 
vibrations  met  with  in  an  ordinan,'  pathological  laboratory 
or  hospital  are  not  sufficient  to  aflect  the  records  seriously. 
No  serious  advantage  would  be  gained  by  cutting  down 
the  skin  resistance^as  a  whole,  better  results  are  given 
when  the  skin  resistance  is  high,  since  the  variation  in 
resistance  with  slight  variation  in  the  depth  of  immersion 


of  the  hands  in  the  electrodes  is  then  almost  negligible. 
I  am  grateful  to  Dr.  Russ  for  his  reference  to  l'*rofessor 
Gee's  work  on  the  resistance  of  the  human  body. 

I  agree  with  Dr.  Ward  as  to  the  advisability  of  en- 
closing the  moving  parts  of  the  control  board  to  protect 
them  from  dirt.  In  all  the  modern  instruments  this 
course  is  adopted.  It  is  impossible  to  use  the  electrodes 
exhibited  at  the  bedside  of  a  patient,  and  electrodes 
of  various  types  with  van,'ing  degrees  of  success  have 
l>een  used  for  this  purpose.  The  electrode  ilesigncd  and 
shown  bv  Dr.  Ward  should  be  of  considerable  serv'ice. 

It  has  not  been  found  |X)ssible  to  make  the  rotary 
time-marker  start  automatically,  although  they  usually 
start  well.  Dr.  Russ  will  find  that  with  a  little  practice 
it  will  be  possible  to  start  the  rotor  at  the  second,  if  not 
the  first,  attempt.  I  have  known  a  rotor  run  con- 
tinuously without  any  attention  for  30  hours. 

I  am  interested  to  learn  from  Professor  Porter  of  the 
instruments  designe«l  by  Cumming  and  Paton.  The 
references  are  of  interest  owing  to  the  controversy  there 
has  been  as  to  the  priority  of  invention  of  the  string 
galvanometer. 

I  do  not  know  if  the  capillarA-  electrometer  has  been 
used  as  suggested  by  Mr.  Trotter  for  recording  heart 
murmur.  The  use  of  the  instrument  had  been  revived 
considerablv  bv  the  late  Dr.  Keith  l.ucas. 
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THE    FULLERPHONE,    AND    ITS    APPLICATION    TO    MILITARY    AND 

CIVIL    TELEGRAPHY. 


By  Major  A.  C.   Fuller,  R.E.,  Associate  Member. 

(Paper  received  4  March,  and  read  before  The  Institution   24  April,   1919.) 


It  is  well  known  that  if  a  stretched  wire  or  a  reed  or 
certain  other  forms  of  elastic  bodies  such  as  stretched 
parchment,  metal  plates,  etc.,  are  caused  to  vibrate 
within  the  limits  of  audible  frequencies,  a  note — more 
or  less  musical — will  be  produced. 

A  very  simple  way  of  producing  such  a  note  is  to 
pass  through  an  ordinary  telephone  receiver  a  current 
interrupted  at  the  required  frequency.  This  leads  us 
to  the  very  simple  diagram  shown  in  Fig.  i. 

It  is  obvious  that  a  note  at  the  frequency  of  the 
interrupter  will  be  heard  in  the  telephone  as  long  as 
the  key  is  depressed.  Further,  it  is  apparent  that 
audible  signals  consisting  of  long  and  short  notes  wiJ! 
be  heard  if  the  key  is  manipulated  in  accordance  with 
the  Morse  code.  Hence  the  diagram  indicated  in 
Fig.  I  is  in  itself  a  conceivable  telegraph  system  and 
can  be  shown  as  in  Fig.  2.  Such  a  system  has  many 
disadvantages,    which  are  at  once  apparent   and   need 


Battery 


1! ^. 


Key 


Interrupter 


Telephone 


iterrupter       /^\ 

4    H 


Fig.   I. 

not  be  considered  here — but  at  the  same  time  it  has 
at  least  one  very  great  advantage,  nanaely,  that  an 
exceedingly  minute  current  arri\-ing  at  B  will  give  an 
audible  signal. 

Authorities  give  various  figures  for  the  minimum 
current  capable  of  producing  an  audible  sound  in  a 
telephone  receiver,  but  certainly  o  0000005  ampere  is 
sufficient.  The  author  ventures  to  say  that  no  other 
telegraph  instrument  equally  robust  will  indicate  the 
received  signal  (wire  telegraphy  is  here  referred  to) 
so  positively  with  so  small  a  current.  He  is  well 
aware  that  there  is  considerable  prejudice  against  the 
use  of  telephones  for  receiving  telegraphic  signals — 
such,  for  example,  as  the  alleged  tiring  of  the  operator, 
etc.  The  FuUerphone,  however,  in  which  the  signal 
is  similarly  read,  was  primarily  intended  for  military 
work,  and  the  military  operator  concerned  was  already 
used  to  such  reception,  this  being  standard  on  the 
vibrator  system  wliich  the  FuUerphone  was  destined 
to  supersede. 

Such  a  system  as  indicated  above  is  not  employed  in 
the  form  shown,  and  is  certainly  not  so  good  as  the 
vibrator  system.      The  same  vibrator  system,  however. 


has  certain   very  serious   disadvantages,   of    which  the 
following  were  some  of  the  most  important. 

(a)  As  the  name  implies,  the  line  was  traversed  by 
\dbratory  currents,  and  these  currents,  in  order  to 
traverse  lines  of  high  resistance,  were  of  relatively 
high  voltage.  Such  currents,  of  course,  induce  similar 
currents  in  other  lines  in  their  proximity  ;  hence  the 
number  of  possible  lines  on  one  route  was  strictly 
limited,  owing  to  the  interference — cross  talk — or 
jamming  between  the  various  lines.  One  can  easily 
reahze  that  military  considerations  frequently  require 
several  lines  along  one  route  and,  even  with  two  fines, 
care  had  to  be  taken  to  keep  them  as  far  apart  as  possible. 

(b)  Owing  again  to  the  vibratory  character  of  the 
current,  the  length  of  lines  over  which  the  \dbrator 
can  be  used  is  strictly  limited  by  their  capacity. 

(c)  By  the  use  of  suitable  apparatus  these  vibrating 
signals  can  be  read  at  immense  distances  from  the 
line,   and   hence  any   messages  can  be  overheard — the 
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author  will  refer  to  such  apparatus  by  the  general 
name   of   listening-sets. 

[d.)  The  use  of  vibrators  in  any  area  effectually  jams 
in  that  area  friendly  fistening-sets  which  might  other- 
wise overhear  enemy  messages. 

(c)  It  is  manifestly  impossible  to  superpose  the 
vibrator  system  on  telephone  lines. 

At  this  point  it  may  be  as  well  to  indicate  why, 
with  these  serious  disad\-antages,  the  vibratory  system 
was  ever  introduced  into  the  Army.  In  the  first  place, 
the  sets  are  very  robust  and  very  portable.  They 
require  very  Uttle  care  or  adjustment  and  no  skill  to 
manipulate — they  work  admirably  over  lines  of  very 
liigh  resistance — and  it  should  be  bonie  in  mind  that 
miUtary  Unes  in  forward  areas  are  necessarily  frequently 
of  fine  steel  wire  with  as  high  a  resistance  as  1,000  ohms 
per  mile.  The  battery  power  required  is  very  low 
and  the  current  output  is  also  low.  These  sets  have 
in  fact  served  their  purpose  admirably  in  former  wars 
and  appeared  quite  suited  to  military  requirements 
antecedent  to  this  war. 

In  order  to  produce  something  more  suitable  than  the 
vibratory  system,  it  was  necessary  to  retain  as  many 
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of  the  good  points  just  indicated  as  possible,  at  the 
same  time  substituting  sometliing  less  troublesome  than 
the  vibrator)'  current.  Obviously  Fig.  2  still  provides 
a  \ibrating  or — more  correctly — pulsating  current  on 
the  line,  or  at  any  rate  on  a  portion  of  it,  and  is  of  no 
great  practical  value.  The  solution  appeared  to  be 
the  provision  on  the  line  of  a  direct  current  as  in  ordinary- 
single-current  Morse,  but  of  as  low  a  value  as  possible 
— at  the  same  time  converting  the  energy  thus  trans- 
mitted into  vibrating  or  pulsating  current  at  the  distant 
end— and  further,  such  xibrating  or  pulsating  currents 
had  essentially  to  be  closely  confined  to  the  distant 
end  and  prevented  from  surging  back  along  the  hne. 
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Fig.  3  shows  the  first  method  used.  This  was  found 
to  be  satisfactory,  but  before  proceeding  to  describe 
its  action  let  us  consider  Fig.  4,  which  provides  a  better 
arrangement  and  is  essentially  the  circuit  adopted. 

K,,  Kj,  Kj  are  condensers  each  of  i  microfarad. 
C  H,,  CH,  are  choke  coils  of  large  impedance,  each 
about  2'4  henries  and  750  ohms  resistance.  The 
choppK-r  is  an  electrically-driven  vibrating  interrupter 
fitted  with  two  contacts,  one  of  which  is  used  to  drive 
it,  the  other  to  interrupt.  The  chopper  or  buzzer 
can  be  adjusted  to  any  frequency  between  300  and  600 
or  700. 

The  rccei\4ng  circuit  is  shown  in  Fig.  4.  Now,  if  a 
stcadyelectromotivc  force  is  applied  between  the  line  and 
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earth,  and  the  circuit  is  closed  at  X,  a  steady  current 
will  flow  through  the  choke  coils,  contact  2,  and  receiver. 
If  the  circuit  is  broken  at  X,  the  current  cannot  flow 
tlirough  the  receiver  but  will  flow  into  and  charge 
the  condensers.  When  the  circuit  is  again  closed 
at  X  the  condensers  partially  discharge  through  the 
receiver  R. 

^^■hcn  the  intemipter  X  is  working  we  therefore 
get  an  intermittent  current  in  the  telephone  receiver, 
pixnnK  ,nn  audible  note,  while  (if  the  choke  coils  and 
' '  are    huitablr)    the    line    current    alternately 

II'  ugh    the    rccci\er   and    into   the   condensers, 

and  itmain*  prattically  lonKtant  and  continuous  in  the 
line.  1  he  result  is  that  the  dots  and  dashes  sent  by 
tlw  Mngle-current  Mor»c  key  at  the  far  end  arc  received 
a*  •liort  or  long  notes  m  the  tclcphunc  receiver  at  Uie 


recei\'ing  end,  while  the  current  in  the  line  is  of  much 
the  same  nature  as  that  sent  by  an  ordinary-  single- 
current  Morse  set,  except  that  it  is  verj-  much  smaller, 
as  readable  signals  can  be  obtained  with  about  J 
micro-ampere.  In  practice  a  main  battery  of  one  drj' 
cell  is  used. 

The  signals  are  much  clearer  than  those  from  the 
"  buzzer,"  as  the  commencement  and  end  of  a  signal 
do  not  depend  on  the  starting  and  stopping  of  a 
vibrating  armature  ;  hence  the  rate  of  working  is  higher 
than  with  a  buzzer — alwaj-s  assuming  that  the  operator 
is  sufficiently  skilled. 

The  arrangement  of  choking  coils  and  condensers 
not  only  prevents  any  appreciable  variation  in  tlie  line 
current,  but  also  prevents  any  vibrating  currents 
(such  as  are  produced  by  induction  from  other  circuits, 
by  a  buzzer  on  the  line,  or  from  a  telephone)  from  pass- 
ing through  the  operator's  head  telephones.  .\ll  such 
currents  pass  through  the  condenser  K,.  Should  any 
vibrating  current  make  its  way  through  C  H,  it  will  then 
take  the  path  to  earth  tlirough  Kj  rather  than  through 
the  high  inductance  C  Hj;  thus  the  telephones  are  doubly 
protected  from  induced  currents  or  from  telephone 
currents  passing  over  the  same  Une. 
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^^^len  the  sending  battery  is  connected  as  shown 
in  Fig.  5  the  current  can  only  rise  in  the  line  compara- 
tively slowly,  owing  to  the  effect  of  the  capacity  of 
the  condensers  and  the  self-induction  of  the  choke 
coils.  The  object  of  this  retardation  of  the  rise  of 
current  is  to  prevent  clicks  being  heard  in  a  telephone 
receiver  inserted  in  the  line.  This  has  a  twofold 
object : — 

(a)  To    prevent    the    possibility    of    Morse    messages 

being  read   from  these  clicks. 

(b)  To  prevent  the  clicks  interfering  with  telephony 

carried   on   over   the   line   simultaneously   with 
Morse  signalling. 

It  will  be  noticed  that  the  Fulleq>hone  is  not  a 
polarized  instrument,  and  that  the  dirc-tion  of  the 
received  current  does  not  affect  the  signals.  The 
arrangement  of  chokes  and  condensers  acts  also  in 
the  otlicr  direction,  thus  ensuring  that  the  vibrating 
currents  in  tlie  circuit  Kj  2  K  are  confined  to  tliis 
circuit  and  cannot  surge  back  into  the  line. 

It  is  apparent  that  a  telephone  can  be  added  on  the 
same  line  without  any  mterlcrence  between  the  Fuller- 
phone  and  the  tcl<-|>hone  as  far  as  s]H-t-<.h  is  concerned, 
and  in  the  latest  .Army  mstrument  a  telephone  has 
l)een  inc<irporale<l.  Clearly  if  a  separate  telephone 
iiislrumcnt  is  use<l  it  must  l>e  joined  up  in  eries  with 
the  FuUcrphone.  Fig.  6  shows  how  the  F'tillerphonc 
may  be,  and  is  111  fact,  8uper]ioscd  over  telephone  pairs 
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in  the  usual  way.  The  bridging  coils  may  be  of  very 
high  resistance  and  large  impedance,  and  the  telephony 
is  therefore  quite  unaffected. 

Fig.  7  shows  an  alternative  and  simpler  method. 
The  disadvantage  of  Fig.  7  is  that  the  telegraphic 
signal  in  the  Fullerphone  is  jammed  when  the  telephone 
calls  up  by  magneto  generator.  The  Fullerphone 
proper  has  no  effect  on  the  telephone. 

Calling  arrangements  with  Fullerphone. — For  the 
Army  instruments  for  field  use  an  arrangement  has 
been  made  to  send  a  strong  buzzing  current  to  the  line 
for  purposes  of  calling  attention.  The  interrupter 
buzzer  is  used  for  this  purpose  and  its  ordinary  batters- 
is  reinforced  by  two  additional  cells,  making  three  in 
all.  This  call  is  considerably  louder  than  the  Fuller- 
phone signals  if  the  line  is  comparatively  short  and  in 


Fig.  6. 

rejisonable  condition,  but  if  the  line  is  of  very  high 
resistance  or  capacity  the  Fullerphone  signals  will  be 
louder  than  the  buzzer  signals. 

The  buzzing  call  can  be  relied  on  in  normal  condi- 
tions, but  if  the  circuit  is  very  bad  it  may  be  possible 
to  call  and  send  messages  on  the  Fullerphone  when  the 
buzzing  call  will  not  get  through.  In  such  cases  it  is 
necessary  to  call  with  the  Morse  key  and  to  "  Usten  in  " 
at  short  intervals  on  the  Fullerphone  to  ascertain  if 
the  station  is  being  called. 

It  must  be  remembered  that  the  buzzing  call  has 
all  the  disadvantages  of  the  buzzer  and,  consequently, 
must  never  be  used  near  the  front  Une  for  sending  any 
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call  or  signal  which  it  is  important  that  the  enemy  should 
not  overhear. 

Disturbance  due  to  earth  currents  or  leakage. — Diffi- 
culties in  working  the  Fullerphone  are  almost  invariably 
due  to  small  currents  being  picked  up  by  the  line  either 
by  the  earths,  by  earth  faults,  or  by  leakage  from 
Morse  circuits.  The  currents  to  cause  this  disturbance 
must  be  of  a  steady  nature,  or  of  a  verj-  low  frequency. 
High-frequency  currents  (such  as  are  produced  by  a 
buzzer,  or  telephone  speech)  or  disturbances  induced 
on  the  line  do  not  afiect  the  working  of  the  Fullerphone. 
The  effect  of  the  steady  current  is  to  produce  a  note  in 
the  Fullerphone  receiver  of  exactly  the  same  pitch  as 
the  received  signals,  which  are  thereby-  confused  and 
may  be  rendered  unreadable.  This  disturbance  can 
only  be  noticed  when  the  local  buzzer  is  running. 

Disturbances  due  to  induction  will  affect  the  telephone. 


if  such  is  incorporated  in  the  Fullerphone,  in  the  same 
way  that  they  will  interfere  with  any  other  telephone. 
Earth  currents. — An  earth  current  on  the  line  causes 
a  continuous  hum  in  the  Fullerphone  receiver  when 
the  local  interrupter  is  running.  If  the  earth  current 
is  in  the  opposite  direction  to  the  signalUng  current 
sent  out  by  the  sending  station,  the  signal  received 
when  the  sending  key  is  depressed  will  be  that  due 
to  the  difference  between  the  sending  and  earth  currents, 
while  the  sound  when  the  key  is  not  depressed  will  be 
that  due  to  the  earth  current  only.  Hence,  if  the  received 
earth  current  is  half  the  received  signaUing  current,  the 
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current  will  be  altered  in  direction  but  not  in  magnitude 
when  the  sending  key  is  depressed,  and  no  signals  at 
all  will  be  received. 

If  the  earth  current  is  greater  than  half  the  signalling 
current  the  signals  will  be  actually  reversed.  If  the 
currents  are  equal  there  will  be  silence  at  the  recei\'ing 
end  when  the  key  is  depressed  at  the  sending  end. 
If,  on  the  other  hand,  the  currents  be  in  the  same 
direction,  the  signaUing  current  will  always  increase 
the  earth  current,  and  the  signals  will  always  give  a 
louder  note  than  the  earth  current  alone. 
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If  the  received  earth  current  be  half  the  received 
signalling  current,  the  result  wiU  be  an  increase  in 
current  in  the  proportion  of  i  to  3  when  a  signal  is 
being  sent,  which  will  frequently  be  readable. 

Hence  the  disturbance  due  to  steady  earth  currents 
in  a  direction  opposite  to  that  of  the  signalUng  current 
can  always  be  reduced  (in  most  cases  sufficiently  to 
work  the  hne)  by  reversing  line  and  earth  at  the  sending 
end,  thus  bringing  both  currents  in  the  same  direction. 

The  increase  of  sound  due  to  an  increase  in  the 
current  through  the  receiver  does  not  depend  merely 
on  the  magnitude  of  the  increase  or  even  of  the  relative 
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increase,  but  the  weaker  the  current  the  greater  is  the 
audible  effect  of  a  given  increase,  or  even  of  a  given 
relativi-  increase.  Hence,  if  the  earth  or  leak  current 
gives  a  loud  note  the  signalling  can  be  improved  by 
increasing  the  resistance  of  the  circuit,  which  is  most 
easily  done  by  increasing  the  resistance  of  the  earth. 
A  good  eartli  is  not  required  for  the  Fullcrphonc  and 
may  even  be  a  disadvantage. 

L'u  of  poUntiotnftrr. — The  disturbance  from  a  steady 
earth  current  either  from  a  leak  or  from  the  earths  can 
alwa>-s  be  ehminated  by  the  insertion  of  a  potentio- 
meter m  the  line  at  the  receiving  end,  and  such  a 
potentiometer  forms  a  component  part  of  the  scr\-ice 
instrument.  The  potentiometer  consists  of  a  length 
of  liigh-resistance  conductor  through  wluch  flows  a 
current  from  one  cell.  One  end  of  tliis  conductor  is  con- 
nected to  one  terminal  of  the  potentiometer,  and  a 
sUding  contact  (which  can  be  adjusted  to  make  contact 
with  any  portion  of  the  conductor)  is  connected  to  the 


at  the  office,  owing  to  leakage  either  at  the  test  board 
or  at  the  earths. 

The  same  earth  should  not  be  used  for  both  Fuller- 
phone  and  Morse  circuits,  or  interference  is  almost 
certain  to  result.  The  best  earth  obtainable  should 
be  used  for  the  Morse,  and  an  inferior  earth  used  for 
the  Fullcrphonc.  The  earths  should  be  as  far  apart 
as  possible  and  the  wires  leading  to  them  should  be  kept 
clear.  .\  bad  earth  will  not  be  disadvantageous  for  the 
Fullcrphone  proper,  unless  very  bad  indeed,  but  the 
speaking  (if  such  is  required)  may  suffer.  If  there  are 
Morse  and  l^ullerphone  instruments  in  the  same  office 
the  circuits  and  their  earths  should  be  kept  entirely 
separate. 

It  must  be  remembered  that  the  Fullcrphone  is  very 
sensitive  and  one  i.oooth  part  of  the  current  usually 
employed  in  Morse  working  will  give  strong  signals  in 
the  Fullcrphone. 

Explanation  oj  circuits. — Fig.    lo  shows  the  circuits 
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other.  The  potentiometer  is  connected  in  series  in 
the  line  and  imprc-sses  a  portion  of  the  electromotive 
force  of  the  cell  on  the  line.  If  the  electromotive  force 
thus  impressed  on  the  line  is  c(iual  and  opposite  to 
that  producing  the  earth  current,  the  earth  current 
and  its  disturbances  are  eliminated. 

Each  station  must  adjust  its  own  potentiometer  to 
suit  the  earth  currents  received  by  it.  As  the  currents 
are  lre<|ucntly  picked  up  at  earth  faults,  they  will  not 
necessarily  l)e  the  same  at  each  end  of  the  line. 

Leakage  currents  from  .^forse. — Where  F'ullcrphone 
and  Morse  are  employed  in  the  same  telegraph  office, 
or  on  the  s;ime  pole  route,  a  leakage  current  from  a 
•inglc-riirrcnt  Morse  set  will  cause  the  signal  from  such 
set  to  lie  heard  in  the  Fullerphonc  receiver  when  the 
interrupter  is  running.  A  similar  current  from  a  double- 
current  set  or  duplex  will  give  confused  signals.  In 
riiher  case  they  may  be  strong  enough  to  interfere  with 
the  Fullcrphone  signals. 

It  such  (urrrnts  Irak  on  to  the  Fulleqihonc  circuit  at 
a  contact  on  the  line,  the  only  tiling  is  to  clear  the 
contact.     Such     leakage,     however,     frequently    i>ccur» 


of  the  latest  pattern  Army  field  set.  This  instrument 
provides  for  telegraphy  and  telephony  either  indepen- 
dently or  simultaneously  on  tlie  one  line  without  further 
app.iratiis.  When  the  receiving  buzzer  is  not  working, 
the  buzzing  call  from  a  distant  station  is  heard  both 
in  the  head  receivers  and  in  the  hand  set — or  if  the 
hand  set  is  not  plugged  in,  only  in  the  head  receivers. 

When  "  I-ullerphoning,"  the  Morse  signals  arc  heard 
in  the  head  receivers  only. 

When  speaking  and  telcgrapliing,  the  speech  is  heard 
in  the  hand  set  and  the  Morse  signals  in  the  head 
receivers. 

In  order  to  show  clearly  the  operation  of  tlie  various 
circuits  I"ig.  lo  is  dissettt-d  into  lig.  to  (a),  (b),  (c), 
etc.  It  should  be  noted  that  when  the  4-pin  plug  is 
inserted  the  line  is  ronipleted  through  the  receiver  of 
the  hand  set.  When  the  plug  is  willidrawn  the  receiver 
sockets  arc  short-circuited  by  a  spring  contact. 

We  have  so  far  considered  the  instrument  almost 
entirely  from  the  military  point  of  view,  and  Iwforo 
proceeding  to  uses  in  a  wider  held  it  may  l>c  as  well 
to  consider  certain   tests,  etc.      Ihc  first  essential  was 


AND    ITS  APPLICATION   TO   MILITARY  AND   CIVIL   TELEGRAPHY. 


33 


Buzzer  cell 


^ 


^ 


Front  stox) 
of  key 


K.  at  "Send.  &  Receive      j^ 

Fig.  10  (a). — Local  chopper  circuit. 
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Fig.  io  (e). — Speaking  primary. 
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Fig.  10  (f).— Secondary  speaking  (while  FuUerphoning). 
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Fig.  io  (g). — Secondary  speaking  (while  not  sending)  and 
secondary  calling. 

that  the  system  should  be  non-inductive.  The  fact 
that  no  sound  is  heard  in  a  telephone  receiver  inserted 
in  the  Une  is  itself  practically  conclusive. 

Fig.  II,  which  is  a  reproduction  of  oscillograms 
kindly  made  by  the  Research  Department  of  the  G.P.O., 
affords  further  proof. 

The  gradual  and  slow  rise  of  current  shown  in 
Fig.  II  (a),  and  referred  to  earUer,  accounts  for  the 
fact  that  not  even  cUcks  are  heard  in  the  line. 

Exhaustive  tests  have  been  made  to  ascertain  whether 
the  system — using  a  single  wire  and  earth  return — is 
safe  from  the  possibihty  of  being  overheard  by  enemy 
hstening-sets.  It  was  found  that  under  ideal  conditions 
for  the  hstening-set,  and  using  the  best  listening-set 
that  we  could  de\-ise  for  the  special  purpose,  the  messages 
were  safe  from  overhearing  at  a  distance  of  loo  yards 
from  the  line.  It  should  be  noted  also  that  these  ideal 
conditions  would  never  obtain  in  practice  in  the  field. 

The  following  laboratory  test  was  made  to  determine 
the  minimum  current  required  to  operate  for  legible 
signals.  The  above  ^'alues  ga\-e  readable  signals  where 
I  the  current  passing  through  the  instrument,  was 
approximately 

3  I  3 

8,ooo        8oo       "       ~  6,400,000 

or  less  than  \  micro-ampere. 

The  above  indicates  that  the  system  will  work  over 
lines  of  immense  conductivity  resistance  and  very 
poor  insulation.  In  practice  we  have  often  worked 
earthy  Unes  of  which  the  conductivity  resistance  was 
far  greater  than  the  total  insulation  resistance.  On 
another  occasion  a  trial  was  made  in  wet  weather  of 
a  line  consisting  of  bare  copper  wire  lying  on  the 
ground  and  an  earth  return.  The  line  was  workable, 
but  with  difficulty. 

Before  the  system  was  adopted  for  the  Army  the 
author  had  the  privilege  of  testing  it  over  some  speciallv 
selected   lines   in    Flanders   in    19 15.     The   fines   were 
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selected  chiefly  on  account  of  their  unpleasant  location 
and  necessarily  bad  condition,  where  the  ground  was 
waterlogged  and  pitted  with  shell  holes,  and  mainten- 
ance was  anything  but  easy.  Some  results  of  tests 
made  by  the  Research  Department  of  the  G.P.O.  on 
early  instruments  made  by  them  are  appended.  The 
author  is  confident  that  the  later  sets  woyld  give  even 
better  results. 


ic) 

id) 


(/) 


\''er>'    long    distances    can    be    covered    without 

translation  or  relaying. 
Maintenance  of  Unes  can  be  reduced  to  a  minimum. 
Lines  may  be  of  very  high  resistance — strength 

would  probably  become  the  ruUng  factor  rather 

than  conductivity. 
Lines  may  be  very  leaky  and  contacts  with  foliage, 

etc.,  are  of  slight  importcince. 
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Line  using  excessivevoltdgCiViz:  riovolts,  to  show  sKape  oi  current. 

Fig.  II  (a). 


The  limiting  working  lengths  were  obtained  for  the 
following  four  conditions  : — 

(i)  Test  circuit  of  "  standard  cable  "  twin  copper 
conductors,   20  lb.  per  mile,  paper  insulated. 

Result :  Well  over  155  miles  (no  further  "  standard 
cable  "  was  available). 

(2)  Circuit  ha\-ing  high  resistance  factor,  consisting 
(if  variable  resistance  R  joined  between  two  lo-mile 
lengths  of  standard  cable. 

Result    R  =  appro.ximatcly    200,000   ohms. 

(3)  Circuit  having  high  leakance  factor ;  variable 
shunt  R  in  centre  of  20  miles  of  standard  cable. 

Result  R=6  ohms. 

(4)  Circuit  ha\'ing  high  capacity  factor ;  variable 
capacity    K   in   centre  of   20   miles  of  standard   cable. 

Result  K=ovcr  90  mfd.  (No  greater  capacity  was 
available — trials  were,  however,  made  on  Messrs. 
Siemens'  artificial  submarine  cable,  when  signals 
were  perfectly  good  through  370  miles,  the  longest 
cable  available,   with  a  capacity  of   135  mfd.) 

These  figures  speak  for  themselves  and  it  seems  that, 
provided  the  line  is  not  actually  broken,  it  can  be 
worked  by  I-'ullcrphonc  almost  irrespective  of  its  general 
londitions. 

Appltcatton  of  FuUerphone  to  civil  telegraphy. — l-'rom 

•■xpcrimcnts    and    trials    recently    made    it    lias    Ijeen 

•  ■     i    that    the    Tullcrphone    can    replace    Morse 

'.»  on  any  hand-wnrked  hne.     The  advantages 

U>   be  exjKxted   include   the   following  : — 

(ai   '  ing  ol  battery  power. 

{Jbi  <    ol   iiflice  wiring  and   manipulation  of 

instnimcnUi. 


{g)  No  disturbance  whatever  is  caused  to  neighbouring 
or  parallel  telephone  circuits,  and  no  disturb- 
ance need  be  feared  to  telephone  circuits  when 
Fullcrphone  is  superposed. 

(A)  It  will  be  possible  to  work  long  stretches  of  land 
line  and  then  cable  and  land  line  again  without 
any  conversion  or  re- transmission.  These  pos- 
sibiUties  have  not  yet  been  tested  to  the  limit. 

In  order  to  be  appUcable  to  civilian  uses  the  instru- 
ment is  altered   from  that  alreadv  described.     In  the 


Keceiving  set 


Tig.  12. 

first  place,  the  buzzer  call  is  objectionable  and  is  dis- 
carded. It  has  two  serious  disadvantages  for  other 
than  miUtary  work  : — 

(1)  The  call  does  to  some  extent  interfere  with  super- 

posed telephony. 

(2)  The  buzzing  call  transmitted  is  not  loud  enough 

to  attract  attention  if  tJic  <)llice  is  noisy  or  tho 
operator  not  at  his  instrument.  Further, 
cap.icity  strictly  limits  the  length  of  line  over 
which  the  buzzing  call  will  work,  and  the  call 
would  fiiil  long  before  the  signal  proper. 

A    mctho<l    of    direct   current   calhng    has    therefore 
been   devised   and   this  is  satisfactory. 
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Fig.   13  shows  the  circuits  for  other  than  field  use 

in  forward  areas. 

The  following  points  should  be  noted  : 

The  main  relay  which  receives  the  direct  current  caU 
is  protected  (by  the  chokes  and  condensers)  from 
telephonic,  \ibrating  or  induced  currents. 

This  relay  is  an  enclosed  mo\-ing-coil  instrument  and 
is  very  sensitive.  It  is  provided  with  a  shunt  (variable) 
so  that  its  sensibihtj'  can  easily  be  controUed. 


A  further  addition  to  be  noted  is  the  two-way  S\vitch 
marked  "  Internal  "  and  "  External." 

The  object  of  this  is  to  enable  the  chopping  for  any 
number  of  sets  to  be  done  by  one  multiple  chopper 
independent  of  the  sets.  \\TLere  several  sets  are  working 
in  one  office  the  combined  noise  of  all  their  choppers 
might  be  rather  tr\dng  to  the  nerves,  and  would  at 
any  rate  destroy  the  quietness  which  should  be  aimed 
at  in  a  telegraph  office. 
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Fig.  13. 


-oTopositiy^e  of  4-vfllt 
accumulator  of  which, 
negative  is  eaitiied 


The  relaj'  is  a  slow  action  one  and  is  therefore  verj' 
suited  for  responding  to  a  calling  dash,  but  is  not  suited 
for  telegraphy  as   an   ordinax}'  A   or   B  relay. 

The  second  or  local  relay  is  very  small  and  is  used 
in  order  to  handle  the  current  actuating  the  calling 
buzzer  (or  beU).  This  current  would  be  prejudicial  to 
the  prolonged  satisfactory  working  of  the  main  relay. 

A  call  is  sent  out  by  pressing  the  push-button  sho\vn. 
This  puts  a  small  3-cell  "  Ever-ready  "  battery  in  series 
with  the  working  battery,  thus  sending  a  current  of 
short  duration  from  a  battery  of  about  7  volts  to  operate 
the  distant  relay. 

The  act  of  calling  also  tests  the  home  apparatus  for 
receixdng  a  call.  The  local  calling  buzzer  should  operate 
when  the  push-button  is  pressed. 

This  arrangement  will  work  well  through  verj-  long 
and  very  bad  hnes. 

\Mien  attention  has  been  obtained  the  work  is  Ccirried 
out  bj-  FuUerphone  proper,  for  which  the  2X  cells 
alone  are  employed. 

It  should  be  noted  that  the  main  relay  is  capable 
of  reUable  action  \vith  a  current  of  the  order  of  10 
micro-amperes. 

As  6  or  7  volts  are  a\ailable  when  the  call-button 
is  pressed,  the  relay  will  respond  through  a  resistance 
R,   where 


By  the  arrangement  shown,  however,  the  choppmg 
for  aU  sets  can  be  done  outside  the  instrument  room 
by  a  multiple  buzzer— which  runs  almost  indefinitely 
wthout  attention.  The  author  constructed  multiple 
choppers  to  deal  with  6  and  10  circuits  each,  which 
are  driven  by  a  4-volt  accumulator  and  only  require 
a  verj-  small  current— about  150  miUiamperes. 


Adjustmg  screws 
for  choppers 


Briving  contact 

Armature     " 


100,000 


r' 


R  =  700,000  ohms. 


This  assumes,  of  course,  that  the  shunt  across  the  relay 
is  disconnected. 
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Fig.  i^. 

Using  such  a  system,  one  small  4-volt  accumulator 
is  sufficient  to  work  the  whole  office.  It  drives  the 
buzzer  and  so  effects  the  chopping,  and  it  also  pro\ides 
the  minute  signalling  currents  for  aU  the  lines. 

The  internal  position  is  provided  so  that  any  set  is 
entirely  self-contained  and  forms  an  easily  portable  and 
readily  connected  unit  (power  included)  for  small  offices. 

Duplex. — Fig.   15  shows  the  instrument  arranged  for 
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duplex  working.  It  will  be  seen  that  the  bridge  method 
is  employed.  This  method  is  \-en-  suitable  and  the 
usual  objection  to  bridge  duplex — namely,  the  increased 
battery  power  required — does  not  hold,  owing  to  the 
extreme  sensibihty  of  the  recei%-ing  s\'stcm.  ^ 

Exchange  u-orking. — A  further  point  to  be  borne  in  ! 
mind  is  that  the  s\-stem  is  admirably  suited  for  exchange 
working.  It  makes  httle  diflfcrcnce  to  the  signal 
whether  the  hne  over  which  it  is  transmitted  is  loo 
miles,  say.  longer  or  shorter  ;  hence  the  present  neces- 
sity for  re-transmission  at  intermediate  stations  is 
removed  and  direct  through  plugging  can  be  employed. 

Retording  or  printing. — By  the  use  of  auxiUar\' 
apparatus  the  s>-stem  can  be  used  quite  satisfactorily 
where  recording  work  at  relatively  high  speeds  is  re- 
quired. By  means  of  a  relay  of  special  design  invented 
by  Captain  L.  B.  Turner.  R.E.,  and  modified  for  high- 
.q>«ed  work,   the  aural  signal  received  can  be  readily 


'  for  mihtary  work  the  FuUerphone  has  practically  super- 
seded the  \-ibrating  system  formerly  employed.  It  is 
now  being  tried  for  working  long  lines  in  back  areas, 
where  it  will  almost  certainly  replace  all  hand-worked 
Morse  sounder  sets.     It  appears,  therefore,  that,  as  far 

!  as  line  telegraphy  is  considered,  the  FuUerphone  system 
will  be  used  thixiughout,  except — for  the  present,  at 
any  rate — for  tliose  lines  normally  working  high-speed 
Wheatstone.  These  Fullerphones  will  be  of  two  pat- 
terns— the  trench  FuUerphone — wliich  is  wcatlierproof 
and  well  protected — for  the  forward  area,  and  the 
office  pattern  further  in  the  rear.  For  ci\Tlian  use,  one 
cannot  expect  sounder  sets  that  are  established  and 
giving  satisfaction  over  well-constructed  routes  to  be 
discarded  in  favour  of  FuUerphones  :  but  it  is  expected 
that  the  ad\antages  to  be  derived  from  the  new  system 
will  lead  to  its  adoption  in  countries  not  already 
thoroughly   developed    from   a   telegraphic   standpoint. 
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Fig.  15. 


made  to  operate  an  ordinary'  telegraph  relay  at  liigh 
speed,  hence  direct-printing  systems  such  as  the  Creed 
can  be  employed. 

In  the  same  way  the  signals  received  can,  after 
amphfication,  be  uprighted  and  made  to  give  beautiful 
records  on  a  siphon  or  other  recording  device. 

CabUs. — The  author  has  not  yet  had  an  opportunity 
of  ascertaining  to  what  extent  the  system  can  be  ad- 
vantageously applied  to  cable  practice,  but  with  our 
present  knowle<lge  of  amplifiers  and  the  possibilities 
opened  up  by  experience  with  the  3-electrode  valve, 
great  a^lvanccs  in  submarine  telegraphy  arc  assured. 
The  nnmval  audible  signal  produced  by  the  method  is 
already  of  such  a  character  that  it  is  admirably  suited 
for  operating  on  the  grid  of  an  amplifying  valve.  The 
tclrph<incs  are,  for  this  purpose,  replaced  by  the  primary 
windmg  of  a  suitable  transformer — the  secondary' 
winding  being  connected  to  the  gnd-filament  of  the 
valve. 

Contlufion. — To  >um  up,  the  present  position  is  tliat 


An  opening  should  also  arise  in  tropical  countries 
where  maintenance  difficulties  are  considerable — and  it 
is  probably  not  too  much  to  say  that  the  system  de- 
scribed would  give  satisfaction  wherever  difficulties 
from  any  cause  render  Morse  sounder  working  pre- 
carious. For  cable  work  the  author  feels — with  due 
deference  to  certain  experienced  submarine  telegraph 
engineers — that  an  investigation  of  the  possibihties  of 
a  s^-stem  combining  FuUerphone,  amplifiers,  sp>eciai 
existing  relays,  and  recording  and  printing  devices, 
would  prove  very  profitable. 

The  development  of  such  a  scheme  as  he  has  in  mind 
would  take  a  paper  to  itself  and  cannot  be  further 
considered  here.  Before  closing  he  feels  that  ho  must 
take  this  opportunity  of  acknowledging  with  gratitude 
the  help  which  he  has  rccci\-ed  at  various  times  from 
several  brother  oHicers — notably,  Lieut. -Colonel  Fvans, 
C.M.G.,  D  S  O.,  K.F.,  Major  F.  O.  Hcnrici,  K.F.,  Major 
Purves  and  oUiers  whose  suggestions  have  proved  very 
valuable. 
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Discussion  bhfore  The  Institution,  24  April,  1919. 


Mr.  'W.  Judd  :  I  remember  reading  some  30  or  40 
years  ago  of  a  device  by,  I  think,  Van  Rysselberghe, 
an  official  of  the  Netherlands  Telegraph  Department, 
which  practically  makes  use  of  the  principle  introduced 
by  the  author,  that  is,  of  slowing  the  rate  of  rise  and 
fall  of  the  Morse  signal  by  the  application  of  inductance 
or  by  some  other  retarding  method.  It  was  not  many 
years  after  the  telephone  was  first  introduced.  Van 
Rysselberghe  superimposed  a  telephone  circuit  on  an 
ordinary  Morse  line  without  disturbing  the  telephone, 
but  he  had  to  abandon  the  method  because  the  slowing 
down  of  the  rise  and  fall  reduced  the  speed  of  working 
on  the  Morse  line  to  such  an  extent  that  the  adminis- 
tration could  not  continue  it.  The  author  has,  there- 
fore, made  use  of  a  known  principle,  and  improved  and 
perfected  it.  The  second  thing  which  I  think  has  been 
made  use  of  admirably  by  the  author,  is  the  splitting 
up  of  these  more  or  less  distorted  signals  arriving  at 
the  further  end,  so  that  they  should  become  audible 
in  the  telephone.  That  has  been  done  before  by 
Heurtley,  and  I  think  by  Brown,  and  certainly  by 
some  of  the  cable  companies.  It  may  be  of  interest 
to  say  that  when  raiders  showed  some  inclination  to 
smash  up  cable  stations  and  destroy  all  the  apparatus, 
it  was  thought  wise  to  see  whether  some  emergency 
device  could  not  be  developed  whereby  communication 
might  be  made  with  stations  treated  in  that  way. 
We  sent  out  instructions  that  stations  should  connect 
a  telephone,  big  choke  coil,  or  magnetic  shunt  of  low 
resistance  and  considerable  inductance,  a  vibrator  of 
the  simple  fonn  used  for  vibrating  the  siphon  of  the 
recorder,  with  the  necessary  key  and  battery,  to  be 
buried  somewhere  or  other,  so  that  in  case  of  trouble 
they  could  be  dug  up  and  some  sort  of  communication 
estabhshed,  if  the  end  of  the  cable  was  accessible  under 
circumstances  such  as  I  have  described.  This  worked 
very  well.  But  obviously  it  had  to  work  on  Morse 
signals.  Double-current  Morse  is  no  good,  because  the 
telephone  responds  to  the  spacing  current  as  well  as 
to  the  marking  current.  Equally  certain,  on  a  long 
cable  single-current  Morse  is  no  good,  because  unless 
one  sends  at  a  very  low  speed  the  separate  dots  will 
not  come  out  at  the  other  end.  As  a  matter  of  fact, 
on  a  cable  2,000  or  3,000  miles  long,  one  dot  comes  out 
as  a  little  hump,  and  two  dots  in  succession  come  out  as 
a  little  longer  hump,  and  if  we  send  50  dots  they  come 
out  as  a  long  hump  ;  there  is  no  division  into  dots  at 
all.  We  then  decided  that  we  would  adopt  the  inverse- 
current  method  of  Delaney.  In  the  letter  S,  for  instance, 
starting  the  first  dot  negative,  the  second  positive, 
the  third  negative,  or  the  first  one  may  be  positive, 
dependent  on  what  has  gone  before  ;  so  that  we  get 
three  dots,  each  one  on  the  opposite  side  of  the  zero 
line.  We  chopped  these  signals  up  as  they  came  along 
with  the  vibrator,  and  in  cables  up  to  3,000  miles  we 
were  able  comfortably  to  receive  at  a  rate  of  12  to  15 
words  a  minute,  so  that  the  chopping  up  was  quite 
efficient  in  that  way.     I  will  leave  the  land-line  question 


to  those  who  have  had  more  experience  of  it,  but  for 
the  purpose  of  working  cables  on  this  method  we  have, 
as  far  as  I  can  see,  to  send  our  signals  into  the  catle  on 
the  inverse-current  method.  I  do  not  know  what  valves 
will  do  for  us,  whether  they  would  be  so  excessively 
sensitive  and  so  very  perfect  that  they  would  show 
the  dots  coming  in  rapid  succession.  The  disturbance 
on  land-line  circuits,  I  imagine,  would  be  practically 
eliminated  by  the  Van  Rysselberghe  method  in  the 
same  way  as  with  the  Fullerphone,  but  the  Fullerphone 
itself  has  undoubtedly  brought  both  these  methods, 
that  is  to  say  slowing  down  the  rise  and  fall  of  the 
current  and  splitting  up  the  received  current  to  render 
it  audible,  to  a  perfection  that  reflects  the  very  greatest 
credit  on  those  who  worked  it  out  so  well. 

Lieut. -Colonel  LI.  Evans  :  There  is  only  one 
point  I  should  like  to  emphasize,  and  the  author  referred 
to  it,  namely,  the  difficulties  that  occurred  on  the  first 
introduction  of  the  Fullerphone.  The  Fullerphone  was 
introduced  iri.a  hurry,  and  sufficient  previous  instruction 
in  its  use  could  not  be  given.  The  result  was  a  con- 
siderable amount  of  prejudice,  which  is  gradually 
being  overcome,  although  I  believe  there  is  still  a  good 
deal  left  in  the  Army  against  the  instrument.  I 
attribute  that  to  the  lack  of  instruction  in  the  first 
instance,  to  certain  defects  which  occurred  in  the 
earlier  pattern  of  instrument,  and  to  the  fact  that 
numerous  patterns  of  instrument  were  produced,  with 
the  result  that  at  the  two  ends  of  a  line  one  might  have 
different  types  of  instrument  wiiich  the  operators 
could  not  explain  to  each  other.  One  other  difficulty 
which  was  met  with  originally,  and  which  for  lack  of 
time  for  instruction  we  failed  to  elucidate  to  the  users, 
was  the  disturbance  from  earth  currents  or  leakage 
currents.  The  potentiometer  was  introduced  to  over- 
come that,  and  the  instrument  re-designed,  but,  agaiite 
due  to  lack  of  instruction,  great  difficulties  occurre(3 
which  would  have  been  avoided  had  there  been  longer 
time  in  which  to  instruct  the  operator  and  the  officer. 
I  emphasize  these  points  because  though  I  believe 
there  is  still  some  prejudice  against  the  instnmient, 
it  is  the  intention  that  the  instrument  should  be  very 
widely  adopted  in  the  Army,  although  it  is  not  quite 
possible  to  say  that  we  can  at  present  discard  the 
sounder  or  the  buzzer. 

Mr.  H.  H.  Harrison  :  The  particular  principles  of 
the  apparatus  which  has  been  described  to  us  to-night 
are  to  be  found  in  two  early  specifications  of  the  French 
telegraph  engineer,  Clement  Ader,  Nos.  7625  and  17528 
of  1887.  Those  specifications  are  interesting  because 
they  show  not  only  methods  of  employing  land-line 
Morse,  but  also  methods  by  which  cable  Morse  can  be 
utilized.  The  principle  disclosed  is  generally  on  the 
same  lines  as  the  Fullerphone,  namely,  weak  direct- 
current  signals  to  the  line  chopped  up  by  a  rotary 
commutator  at  the  receiving  end.  That  being  so,  one 
is  compelled  to  look  closely  into  the  matter  to  see 
what  other    steps    exist  in  the  arrangement    that    the 
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author  has  described.  I  think  they  may  he  said  to 
be  tw< .  ■  ■  iT.     First,  there  is  the  filtering  arrange- 

ment. ^  of  a  combination  of  inductance  and 

capacity   by   which    :■  troubles   from   vibrator%- 

currents  in  the  ncigi  -1   are  excluded   from   the 

telephone,  and  secondly  the  arrangement  by  which  a 
rccei\-ing  condenser  is  charged  over  a  comparatively 
long  time  and  dischargetl  in  a  veni-  small  space  of  time. 
thus  giving  an  apparent  amplification  of  signals.  I 
cannot  share  the  author's  sanguine  views  with  regard 
to  the  universal  employment  of  the  Fullcrphone  in 
civil  telecraphy.  First  o(  all .  as  I  tmderstand.  it  is  a 
hand-u  -trument.     It  is  true  that  we  can  work 

it  on  ..  -^  lines,  but  it  would  not  be  economical 

or  efficient  to  work  such  an  instrument  on  an  expensive 
long  line,  because  a  speed  of  30  or  40  words  a  minute 
in  a  line  running  into  ^■40,000  or  more  cannot  compare 
with  an  automatic  or  machine  telegraph.  Then  again, 
as  I  see  it,  there  will  be  difficulty  in  obtaining  a 
satisfactory-  duplex  balance.  The  instrument  is 
exceedingly  sensitive,  the  working  current  being  of 
the  order  of  i/i.oooth  of  that  of  the  ordinary  telegraph 
apparatus.  Anybody  wlio  has  had  any  experience  of 
duplexing  difficult  land-line  circuits  with  the  existing 
apparatus  will  know  that  those  difficulties  will  be 
intensified  with  such  an  instrument  as  the  Fullerphone. 
One  could  employ  it  on  a  loop,  an<i  if  the  wires  were 
on  the  same  poles  and  were  similar  in  their  character- 


Rotiling 
■t"      1      drum 


Spring 


T— ess 

^-  Telephone 
^  ■''  -■■  didjlirdgni 


Fig.  a 

istics,  some  of  the  difficulties  would  disappear.  Another 
difficulty  I  sec  in  the  universal  employment  of  the 
Fullerphone  is  that  it  would  be  subject  to  disturbances 
from  high-speed  circuits,  tramcars  starting  and 
»t' '  ---  '  lectric  railways,  etc..  all  of  which  would 
h'  im  the  apparatus.     The  author  has  referred 

t"  '   thr  buzzer  as  a  calling 

'"■  I       My  company  has  also 

gi  to  this  matter,  and  I  have  brought 

«»  ■  'ion    to   the   memliers   a   specially 

dc»igned  relay  of  the  integrating  type,  the  construction 
of  which  in  diagrammatically  indicated  in  Fig.  A.  The 
proMrm  was  to  Ije  able  to  clc«c  a  I'ical  circuit  and  ring 
a  bell  from  bn/zor  iiignalii.  A  small  phosphor  bronze 
wire  pasar*  frf)m  thr  middle  of  the  diaphr.igin  rmind  a 
I"  •  1  by  a  flat  leal  spring.     liuzzer 

"'  With  a  note  of  Ireipiency  of 

■•"'u'  iJnim   will   rotate  alx)Ut   three  or 

'our    ti  .1       At    the   rnd    of    th--   drum    an 


arm  is  carri<?d  gradually  round  by  friction,  and 
ultimately  closes  a  contact,  ringing  a  bell.  The 
apparatus  works  so  rapidly  that  one  can  even  use 
buzzer  Morse  signals  to  control  a  Morse  sounder. 
Kinematically,  the  apparatus  may  be  classifie<l  as  a 
silent  or  friction  ratchet.  Each  downward  excursion 
of  the  diaphragm  tightens  the  cord  and  rotates  the 
drum  through  a  small  angle.  The  inertia  of  the  drum 
prevents  backward  motion  when  the  tension  is  relieved. 
The  rotation  of  the  drum  is  an  integration  of  a  large 
number  of  tiny  steps  and  hence  the  device  may  be  called 
an  integrating  relay.  Before  it  is  possible  to  accept 
the  author's  conclusions,  we  require  to  know  more  as 
to  the  behaviour  of  the  Fullerphone  on  duplex  circuits 
and  its  susceptibility  to  disturbance,  not  from  vibrating 
currents,  but  from  Morse  currents  on  the  same  or 
adjacent  pole  routes 

Mr.  A.  C.  Brown  :  While  congratulating  the  author 
on  the  way  in  which  he  has  worked  out  the  Fullerphone,  . 
1  have  the  rather  thankless  task  of  claiming  to  some 
extent  a  prior  invention.  In  1S96  I  invented,  as  I 
thought,  a  complete  set  of  apparatus  almost  exactly  as 
shown  to-night,  and  1  worked  it  out  and  made  many 
sets  and  jiatented  it.  How  I  got  my  patent  I  do  not 
know,  after  what  we  have  heard  about  \'an 
Rj-ssclberghe's  arrangement,  if  that  arrangement  was 
really  an  anticipation.  I  had  then  a  means  of  sending 
out  direct  current  from  the  sending  end,  and  of  splitting 
up  that  current  at  the  receiving  end  of  either  a 
continuous  or  broken  line.  The  apparatus  was  made 
principally  to  work  through  broken  wires  or  cables, 
splitting  up  the  current  by  means  of  a  silent  contact 
on  a  locally-driven  vibrator,  and  then  putting  it  through 
a  telephone  to  earth.  Sets  of  appaiatus  were  used  in 
fact  for  working  through  broken  submarine  cables 
by  the  Direct  United  States  Cable  Company,  and  did 
keep  up  communication  through  broken  telegraph  cables 
for  a  considerable  time  :  and  they  were  also  used  by  the 
Europe  &  Azores  Company,  and  I  believe  some  were 
used  by  the  Eastern  Telegraph  Company.  I  will  put 
on  the  .screen  a  slide  of  my  apparatus.  That  diajram 
is  taken  from  the  patent  specitication.  On  the  left  is 
the  battery  and  sending  key,  sending  a  direct  current 
out  to  the  line,  and  that  current  is  received  at  the 
receiving  end  through  a  telephone  having  in  series  with 
it  a  silent  contact,  that  is  a  contact  not  having  any  other 
current  passing  through  it  except  the  line  current, 
which  contact  is  vibrated  rapidly  by  a  local  buzzer. 
\t  first  sight  it  appears  to  have  no  wave  straightenor. 
but  it  has  a  very  effective  one.  It  is  principally  deM}:n<-d 
to  ho  used,  and  was  used,  on  submarine  cables.  The 
cable  itself  is  a  complete  wave  straightencr,  that  is  to 
say  it  is  a  combination  of  the  inductance  and  capacity, 
the  caj)acity  being  even  more  than  is  wanted.  If  more 
is  require<l,  more  can  be  a<lded,  but  the  cable  has  more 
capacity  and  quite  as  much  indu«-tance  as  is  necessary. 
Those  nccustometl  to  submarine  telegraphy  will  know- 
that  the  artifuial  cables  used  to  Iwlance  the  re.-U  1  .iM 
for  diijilex  workiiiK  are  made  up  of  alternate  rcsist.u 
which  also  have  a  little  srK-indiKtance.  and  ^llUlU 
condensers.  Since  those  artiluial  t.iblcs  bal.uice  the 
real  cable,  it  follows  that  the  real  cable  itself  h.as 
onmiph    inductance     and     c.ipacit\-    to    operate    as    a 
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wave  straightener,  and,  in  fact,  did  so  work.  The 
second  figure  shows  my  arrangement  for  prevent- 
ing earth  currents.  Tlie  author  has  described  a 
good  method  of  curing  earth  currents,  but  I  went  on 
the  lines  of  preventing  them.  Instead  of  a  direct- 
current  key  I  used  a  reversing  liey,  with  tire  important 
addition  of  a  small  condenser  in  series  in  the  circuit 
at  the  receiving  end,  and  that  condenser  simply  shuts 
out  earth  currents  altogether,  after  first  joining  up  the 
instrument.  If  an  earth  current  varies  very  greatly  it 
will  finally  upset  that  arrangement,  but  by  the  time  it 
does  that  I  guarantee  that  it  will  upset  any  other 
apparatus  that  can  be  used.  The  reversing  current 
sends  a  little  charge  in  or  out,  which  passes  through  the 
telephone.  It  is  true  that  this  slightly  lengthens  the 
period  of  signal  as  against  the  period  of  break,  but  so 
also  does  the  author's  and  everybody  else's  condensers 
which  are  in  shunt  with  the  conductors.  They  put  a 
little  longer  current  through  the  telephone  during  the 
spacing  period.  I  think  that  my  arrangement  will 
be  found  to  prevent  earth  currents  as  well  as  anything 
that  has  been  shown  up  to  the  present,  certainly  anything 
that  requires  manual  adjustment.  Tliis  apparatus  was 
at  the  time  offered  to  the  War  Office,  in  1897 — the  patent 
is  No.  30123  of  1896 — but  it  was  not  wanted  then 
because  it  was  too  early.  I  have  also  worked  out  an 
arrangement  for  operating  a  Morse  printer  from  the 
telephone  signals.  We  can  work  a  Blorse  printer  with 
any  currents  that  can  be  heard  to  any  appreciable 
extent  in  the  telephone.  With  regard  to  sensitivity, 
I  quite  agree  with  the  author  that  the  Fullerphone — 
I  am  inclined  to  call  it  the  Brownphone — is  certainly 
very  sensitive  and  does  pick  up  messages  which  it 
certainly  ought  not  to  pick  up.  Under  those  circum- 
stances, and  especially  with  the  combination  of  the 
thermionic  valve,  we  can  pick  up  everything,  and 
wireless  engineers  will  have  to  remember  that  it  is  not 
only  their  antennae  to  which  they  must  pay  attention, 
but  the  whole  of  their  equipment,  dynamos,  cables, 
and  everything  else  inducing  or  producing  in  the  earth 
currents  which  can  be  picked  up  with  these  most 
sensitive  instruments.  If  any  young  engineers  are 
going  on  with  these  experiments,  I  commend  to  them 
to  directionize  these  currents  which  can  be  sent  through 
the  earth,  and  if  they  can  it  will  completely  prevent 
any  attempt  at  licencing.  There  are  a  number  of 
other  kinds  of  instruments  which  of  course  do  the  same 
thing.  There'  is  the  photophone,  which  practically 
produces  the  same  result  for  short  distances,  and  the 
thermophone,  both  of  which  Professor  Bell  worked 
out,  and  with  the  former  of  which  I  had  the 
honour  of  helping  him.  If  anyone  can  only  direc- 
tionize some  of  these  appliances  so  as  to  give  us  a 
radiophone  exchange,  it  will  be  a  thing  which  is  very 
much  wanted. 

Major  E.  O.  Henrici  :  There  hav-e  been  several 
remarks  to-night  about  earlier  work  of  the  same  nature. 
I  have  looked  up  the  old  records  dealing  with  the  early 
use  of  the  telephone  receiver  in  the  army  for  receiving 
telegraphic  signals,  and  I  find  that  as  early  as  May  1S78 
there  is  a  note  suggesting  that  the  telephone  might  be 
used  as  a  sounder,  to  receive  signals  sent  by  the  ordinary- 
Morse  key,  when  the  line  circuit  was  too  bad  for  the 


ordinary  sounder  to  work.  They  were  actually  so 
used  in  the  South  African  War  of  1S79-1880.  I  find 
also  a  most  interesting  report,  dated  April  i88r,  signed 
by  Lieutenant  Phihp  Cardew,  R.E.,  who  was  then 
instructor  in  telegraphy  at  the  School  of  Military 
Engineering  at  Chatham.  (This  report  is  reprinted 
below  on  page  40.)  The  circuit  shown  in  Fig.  2  of 
this  report  embodies  the  idea  of  interrupting  a  steady 
current  so  as  to  make  it  suitable  for  reception  in  a 
telephone.  Fig.  3  is  essentially  the  Cardew  vibrator, 
which  is  the  vibrator  sj'stem  the  author  refers  to,  and 
which  has  been  used  ever  since  in  our  army  and  in  most 
other  armies.  It  has  proved  of  great  value  for  military 
purposes  as  it  will  work  through  lines  of  high  resistance 
and  low  insulation.  Ihe  disadvantages  are  well  known 
and  are  referred  to  by  Major  Fuller.  They  were 
accentuated  during  the  present  war  by  the  large 
number  of  lines  concentrated  in  small  areas,  by  the 
proximity  of  the  enemy  in  trench  warfare,  and  by  the 
development  of  valve  amplifiers.  The  method  of  adding 
choke  coils  and  condensers  to  modify  ordinary  Morse 
signals  in  the  line,  so  that  they  should  not  interfere 
with  telephones  or  vibrators,  is  also  old.  Van 
Rysselberghe's  system  is  described  in  "  Instruction  in 
Army  Telegraphy  and  Telephony,"  vol.  i,  chap.  xvi. 
Another  system  using  the  service  store  known  as  the 
"  separator  "  for  superimposing  vibrator  on  Morse  is 
described  in  chap.  xv.  This  latter  system  also  appears 
to  be  due  to  Cardew,  and  is  described  by  him  in  its 
present  form  in  a  report  dated  1887.  The  idea  of  using 
a  locally-driven  interrupter  for  "  chopping  "  a  direct 
current  is  also  old,  but  I  do  not  know  who  introduced 
it.  It  might  appear  from  the  above  remarks  that 
there  is  nothing  new  in  the  Fullerphone,  but  the  fact 
remains  that  Major  Fuller's  combination  of  these 
devices,  which  enables  a  direct  current  in  the  line  to 
be  interrupted  at  the  receiving  end,  so  as  to  actuate 
a  telephone  receiver,  while  allowing  no  detectable  ripple 
to  appear  in  the  line  current,  is  new.  If  such  a  com- 
bination has  been  suggested  previously,  it  was  not  known 
to  the  authorities  of  any  of  the  powers  engaged  in  the 
war,  and  was  not  used  in  any  army  until  Major  Fuller 
suggested  it  ;  it  was  immediately  copied  by  the  other 
powers,  including  Germany.  To  my  mind  the  essential 
feature  of  the  Fullerphone  (the  name  was  not  proposed 
by  Major  Fuller)  is  the  transformation  of  the  received 
current,  without  altering  the  line  current.  It  is  in 
effect  equivalent  to  a  rotary  transformer,  transforming 
direct  current  into  alternating  current.  Incidentall)- 
the  sharp  corners  of  the  line  current  at  the  beginning 
and  end  of  each  signal  are  rounded  off,  and  this  effect 
is  of  advantage  on  land  lines,  and  has  been  deUberately 
increased  by  introducing  the  choke  coils  and  condensers 
at  the  sending  end  as  well  as  at  the  receiving  end.  The 
freedom  from  overhearing  or  from  causing  disturbances 
on  other  lines  is  very  largely  due  to  the  very  small 
currents  and  voltages  employed  as  compared  with 
ordinary  Morse  working,  or  even  with  vibrator  working, 
the  slowing  of  the  rise  and  fall  of  the  current  gives 
additional  protection  from  overhearing  without  any 
corresponding  disadvantages  in  the  case  of  military 
land  lines,  for  use  on  which  the  particular  pattern  of 
instrument  described  was  designed. 
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■■  Hfp<>rt  on  an  tqutpmrnt  u-ith  15  thUes  of  hart  wire 
Uid  cH  the  ground,  tnlh  a  view  to  ascertain  the 
poisibilily  of  signaUing  through  it  by  means  of 
UUphones." 

"  Telecrapb  School, 
"  School  of  Military  Hng!neeiiinc, 

••April,  1881. 

"  The  wire  consisted  of  10  miles  of  No.  16  BAV.G. 
soft  iron  galvani/cd  wire,  and  5  miles  of  No.  16  B.W.G. 
copper  uire.  This  arrangement  possessed  the  disad- 
vantage of  ".  1  continuous  current  on  the  hne 
from  the  ea:  t  of  the  two  wires,  and  of  tending 
to  destroy  the  iiun  wire,  but  as  the  line  was  only 
required  for  a  short  time,  this  was  not  material. 

■'  Permission  was  obtained  from  the  authorities  of 
the  London,  Chatham  and  Dover  Railway  to  lay 
the  u-ire  at  the  side  of  their  hne  of  rails.  It  was 
consequently  laid  in  a  loop  extending  from  a  short 
distance  on  the  up  side  of  the  New  Brompton  Station 
to  within  a  short  distance  of  Ncwington  Station,  and 
back  again  on  the  other  side  of  the  line. 

"  To  ensure  the  wire  being  well  out  of  the  way  of  the 
traffic,  in  was  laid  in  the  hedges  in  many  places.  In 
other  places  it  was  laid  on  the  ground,  even  picketed 
down  under  stiles  so  as  to  prevent  its  tripping  people 


gp*'«mwc 


ih-^b 
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up.  The  ground  was  generally  newly  made  or  garden 
ground,  and  the  soil  of  fair  conductivity.  Rather  more 
than  half  the  wire  was  thus  laid  in  the  hedges. 

"  At  road  crossings  the  wire  was  stretched  over  a 
pole  at  each  side. 

■■  l-or  convenience  one  end  of  the  wire  was  brought 
into  the  K.E.   Institute. 

■■  This  necessitated  using  poles  to  avoid  interference 
»llh  traffic,  and  for  convcmence  some  poles  carrying 
existing    Unes    were    made    use    of.     This    introduce<l 

induct!'-    ■• N,   so  that   in  getting   signals   through. 

'h«   foi;  tficiilties   had    to   be   contended    with, 

\i/   •  — 

I     \'rT\  Ita/I  inoiiUtion. 
"  2    '  ;    (rom    the   different    metals 

■     •l!i>   rn.t'Ii  v  111 
'nts  cont 
e  wa»  m  . .  . 


in  the 

■'  .V    1 

Th. 

1hi«  bring  it 

l>a%'e  bem  a 

Irnoi   the   1 1 


uils 


lately  obtained, 

'indcr  the  conditions,  but  it  must 
ohms,  while  the  insulation  test 
i\c  on  kevrral  days  a   rt-Mstance 


as  low  as  300  ohms,  which  of  course  included  part  of  the 
line  resistance,  the  position  of  the  resultant  fault  being 
at  any  rate  some  distance  beyond  the  end  of  the 
insulated  wire,  so  that  the  true  insulation  resistance 
must  have  been  extremely  low. 

"  The  first  intention  was  to  use  the  telephones  as 
Morse  instruments,  with  an  ordinarj-  key  as  before 
proposed,  the  connection  being  as  shown  in  Fig.   1. 


Fig.  2. 

"  This  was  tried  with  batteries  of  10  Leclanchd  cells 
at  each  end.  At  the  Institute,  in  a  quiet  room  there 
was  no  difficulty  in  reading  these  signals,  but  the  ear 
had  to  be  kept  quite  close  to  the  instrument.  At  the 
other  end  there  was  some  difficulty  in  reading  signals 
when  first  tried,  owing  to  a  \er>-  high  wind  producing 
noises  in  the  telephone.     To  get  over  this  I  tried  the 
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elli'ct  ol  ]>utting  on  a  Theiler  sounder  as  in  Fig.  2,  thus 
sending  a  vibratory  current  out  to  line. 

"  This  was  completely  successful,  the  note  produced 
being  vcr>'  easily  read  and  quite  distinct  fri>m  the 
induction  signals,  and  the  noises  due  to  earth  currents. 

"  Signalling  was  carried  on  for  sc\-cral  da)-s  by  this 
method  without  any  difficulty,  clearly  demonstrating 
that  by  this  means  signalling  can  be  kept  up  through 
bare  wire  laid  on  the  ground  (as  rapidly  as  cable),  and 
afterwards  poled  and  insulated  when  circumstances 
permit. 
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"  Another  advantage  of  this  use  of  the  telephone 
is  that  no  adjustment  of  the  receiving  instrument  is 
ever  necessary-,  thus  eliminating  a  fruitful  source  of 
delay. 

"  For  ordinary  insulated  lines,  the  battery  power 
required  is  very  small,  and  the  telephones  are  readv 
when  necessary  to  be  used  in  the  ordinary  way,  and 
would  no  doubt  be  found  very  useful  by  the  General 
and  his  Staff  as  a  means  of  personally  communicating 
orders. 

"  Another  method  of  connecting  the  Theiler  sounder 
is  shown  on  Fig.  3.  This  I  think  preferable  to  Fig.  2 
in  general  for  the  following  reasons  : — 

"  I.  The  current  through  the  Theiler  sounder  is 
practically  uninfluenced  by  any  change  occurring  in 
the  line  resistance. 

"2.  In  the  case  of  a  dirty  back  contact  in  the  key 
(a  fault  of  frequent  occurrence  causing  much  delay), 
continuity  will  still  be  established  thiough  the  coils  of 
the  Theiler  sounder. 

"3.  Fewer  cells  can  be  employed  (four  cells  Leclanche 
being  quite  sufficient  for  ordinary  circuits). 

"  The  note  given  by  the  Theiler  sounder  in  the 
telephone  is  quite  as  loud  as  the  tone  of  the  ordinary 
sounder  under  ordinary  circumstances,  ^^'hen  working 
through  bare  wire  laid  on  the  ground  it  is  of  course 
low,  but  still  quite  distinct  if  held  close  to  the  ear. 

"  A  simple  apparatus  for  holding  the  telephone  in 
the  required  position  so  as  to  leave  the  arms  free  could 
be  easily  designed.  Two  telephones,  one  to  each  ear, 
might  then  be  advantageously  employed. 

"  From  the  results  of  this  experiment  with  bare  wire, 
I  feel  confident  in  recommending  the  emplo)-ment  of 
this  combination  of  Theiler  sounder  and  telephone  in 
place  of  the  ordinary  sounder  for  field  service,  over 
which  it  possesses  the  following  ad\-antages  : — 

"  I.  The  possibihty,  as  demonstrated,  of  working 
through  a  considerable  length  of  bare  wire. 

"  2.  The  receiving  instrument  requiring  no  adjust- 
ment for  altered  conditions  of  Une  and  different 
stations,  etc. 

"  3.  The  reduction  of  the  battery  power  required 
to  be  carried  to  at  most  one-fourth  of  the  present 
requirements. 

"  4.  The  continuity  of  the  line  being  ensured, 
independently  of  the  back  contact  of  the  key. 

"5.  The  power  of  working  through  very  bad  earths, 
saving  much  time  in  very  dr\'  places. 

"6.  That  the  note  signals  are  more  easily  read  than 
the  interval  signals  by  men  untrained  to  either. 

"  Should  this  method  be  adopted,  it  will  involve,  to 
obtain  its  full  benefits,  that  a  certain  number  of  the 
C  Troop  Batteries  should  be  altered  from  lo-cell  batteries 
to  5-cell  batteries,  the  boxes  being  much  lightened. 

"  The  present  field  service  sounders  can  be  easily 
converted  into  Theiler  sounders,  and  might  possibly, 
I  think,  be  advantageously  fixed  on  to  the  lids  of  the 
5-ccll  batteries  which  would  act  as  sounding  boards 
to  them.  The  connections  with  the  battery  being 
always  complete,  so  that  at  any  time  the  battery  can 
be  tested  by  depressing  the  key,  but  this  has  not  yet 
been  tried. 

"  In  order  to  give  this  method  a  fair  working  trial, 


it  should,  I  think,  be  tried  at  Aldershot,  and  I  should 
suggest  that  I  may  be  ordered  theie  for  a  few  daj-s  in 
order  to  fully  explain  the  worldng  of  the  system  to  the 
Officer  Commanding  C  Troop. 

"  (Signed)  P.  C.\kde\v,  Lieut.,  R.E., 

"A.I.T. 

"  P.S. — As  regards  working  with  recorders — this  of 
course  necessitates  the  emplo\-ment  of  the  usual  amount 
of  battery  power — indeed  more  cells  than  usual  are 
necessarj'  to  give  distinct  working  signals  with  the 
vibrating  current.  The  ordinary  worldng  can,  however, 
be  resorted  to  by  breaking  the  Theiler  circuit,  either 
at  the  bridge  of  the  key,  or  at  the  armature. — P.  C." 

Mr.  G.  H.  Nash  :  The  author  has  referred  to  the 
difficulties  which  confronted  the  Army  when  it  was 
discovered  that  the  Germans,  ha\dng  got  in  the  field 
first  %vith  their  ampUfiers,  succeeded  most  effectively 
in  overhearing  all  the  circuits  which  were  being  carried 
on  behind  our  front-line  trenches.  The  amplifi.er  was 
more  or  less  a  new  invention,  and  it  was  most 
unfortunate  that  the  Germans  happened  to  have  seized 
upon  its  effectiveness  and  introduced  it  as  a  field 
listening-post  before  us.  The  situation  to  wliich  the 
author  has  referred  was  roughly  this.  The  extremely- 
large  number  of  telephones  and  telegraph  sets  in  use 
by  our  Army  at  the  Front  (which  go  to  make  up  a 
signalling  system  of  a  modern  army)  were  suddenly 
found  to  be  dangerous  to  use  because  enemy  amplifier 
hstening-posts  were  picldng  up  through  earth  conduction 
everything  carried  over  the  Unes  of  our  signalling 
svstem  located  auN-Avhere  near  our  front-line  trenches. 
With  telephone  messages  the  distance  was  two  or  three 
miles,  but  with  telegraph  sets  it  was  probably  greater. 
It  was  a  most  serious  condition.  I  learnt  of  the  trouble 
through  an  officer  home  on  leave  and,  hoping  to  find 
an  immediate,  if  temporary,  solution,  commenced  a 
series  of  experiments  together  v/ith  a  member  of  this 
Institution,  Mr.  R.  A.  Mack.  During  those  experiments 
we  found  that  it  was  possible  to  jam  the  enemy  hstening- 
posts  bj-  introducing  interfering  alternating  currents 
at  various  frequencies  into  the  earth  at  some  point  in 
advance  of  the  circuits  which  were  to  be  protected. 
It  was  not  in  any  way  an  ideal  cure  for  the  trouble, 
but  it  was  a  solution  which  could  be  temporarily 
apphed  to  the  then  existing  condition.  More  effectually 
to  cure  that  condition  required  considerable  time,  for 
the  Army  had  not  only  to  "  metalhc  circuit  "  all  their 
lines  but  to  introduce  other  forms  of  apparatus  which 
could  not  be  so  readily  overheard.  For  a  short  time 
at  least  the  ^'arious  circuits  both  telegraph  and  telephone 
which  the  Army  had  out  there  were  temporarily 
protected  from  the  German  hstening-posts  by  the 
introduction  into  the  earth  of  these  interfering  currents 
called  buzzer  screens.  At  first  these  buzzer  screening 
sets  were  placed  more  or  less  against  the  front-line 
trenches,  and  there  produced  a  jumble  of  interfering 
frequencies,  which  by  being  picked  up  by  the  enemy 
hstening-posts  rendered  them  entirely  hors  di  combat. 
A  httle  later  these  var>dng-frequency  screening  sets  were 
changed  to  single-frequency  sets  associated  with  each 
line  to  be  protected,  and  for  some  little  time  these 
carried  on,  in  order  to  gain  time  to  allow  the  Army  to 
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"  metallic  circuit  "  the  lines  and  to  introducf  Ixntor 
apparata*-.  I  have  been  listening  to-night  to  sonic  ven- 
pointed  criticisms,  criticisms  which  one  expects  to 
recrivr^  in  a  technical  institution,  but  I  could  not  help 
f <  •  T  sorry  lor  the  author  in  the  (ace  ol  these. 

Ti-  .m    at    the  Front  was  dreadful.     I  suppose 

thousands  of  men  have  been  kille<l  because  of  overlicard 
circuits  by  the  Germans,  and  the  author  has,  I  consider, 
saved  a  large  number  of  lives  by  doing  something  in 
the  years.  1916-17  which  settled  the  question  of 
overhearing  messages  at  the  Front.  Whether  his 
patents  or  details  arc  new  or  old  matters  little  ;  the 
fact  IS  that  he  did  do  it  at  tliat  critical  tinie,  and  we  all 
owe  him  our  thanks  for  it  If  the  principle  of  the  circuits 
was  known  before.  1  can  only  say  it  was  a  pity  that 
people  who  had  that  information  did  not  bring  it 
forAvard  in    lot  |. 

Mr.  B.  Davies :  The  essential  feature  of  the  scheme 
brought  (<ir\*ard  in  this  paper  is  evidently  the  conversion 
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of  a  sharp,  crisp  signal  at  the  sending  end  into  a  smooth 
signal  to  be  transniitted  along  the  line  in  order  to  render 
that  line  more  or  less  silent.  In  order  to  do  tliat  the 
author  has  reduced  the  time  rate  of  change  of  Uie  current 
constituting  the  signal,  on  which  the  effect  depended. 
1  believe  this  is  the  first  occasion  on  which  a  device 
has  hcffx  applied  at  Ixith  ends  of  the  line  with  the 
direct  purpose  of  reducing  the  inductive  eUcct  from  that 
line,  and  I  can  quite  Ix-licve  that  there  is  a  field  for  it 
on  certain  aerial  lines  and  subterranean  lines  in  order 
to    silence     those     lines.     On     lines     possessing    great 

Cable 


Chief,  Mr.  Judd,  for  the  puijiosc  of  rendering  duplex 
balancing  a  little  more  easy.  Instead  of  connecting  the 
receiving  instrument  direct  to  the  bridge  in  the  usual 
way,  a  device  is  inserted  between  the  bridge  proper  and 
the  receiving  instrument  in  the  form  of  a  series 
resistance  K,  and  parallel  capacity  S,  as  shown  in  Fig.  B. 
Then  a  sharp,  well-defined  signal  originating  in  the 
battery  A  arrives  at  the  point  I>  smoothed  down  by 
the  action  of  the  intervening  S  x  R.  The  recei\-ing 
instrument  is  therefore  joined  to  D  D'  instead  of  to  C  C. 
At  first  sight  this  worked  well,  it  cased  the  balance 
by  eliminating  high-freipiency  disturbances.  But  it 
was  found  that  by  the  time  the  signal  at  the  distant 
end  was  restored  to  its  original  size  and  shape,  we  were 
at  the  same  time  brought  back  to  the  conditions 
prevailing  prior  to  the  application  of  the  silencing 
device.  I  mention  this  case  as  being  the  type  of 
problem  the  author  will  meet  with  in  applying  his 
system  to  circuits  jx)ssessing  great  time-constants. 
1    may  also  mention   that   in   a  series  of  experiments 
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carried  out  in  the  North  of  Ireland  for  Sir  Oliver  I-odge 
and  the  Tost  Office,  silencing  devices  for  the  receiving 
instrument  had  to  be  resorted  to.  These  consisted 
of  a  number  of  inductances  and  capacities  arranged, 
in  one  form,  as  shown  in  Fig.  C.  For  disturbances 
of  constant  frequencies  the  scheme  was  successful. 

1  may  show  here  by  means  ol  I-'ig.  D  the  connections 
in  the  scheme  which  Mr.  Judd  referred  to  earlier  in 
the  discussion  as  the  means  adopted  by  the  Associated 
Cable  Companies  for  emergency  pur|X)ses.      That  also 


rr»i»tancc  and  ca|>acity  'SxKl.  I  do  not  see  how  we 
can  advantage) iu»ly  utilize  this  method.  Take,  fc»r 
iiiHt.ii.ii-  :.  Ml), II.:. line  cable.  A  signal  sent  into  the 
«  !>  emerges  at  the  distant  end  as  a 

Mtii'i  "ill  .1  M  i\  iiiiiR  tail.  That  tail  has  to  be  lopped 
oft  Ijrfore  It  ran  Ik  utilized  even  for  ordinary  recorder 
»     '  the    signal    has 

'  .     t    for  purjxses  of 

1  'd    signal    is    further 

<  iig  to  inenti'in  that  a 

Mlrncing  nielliixl  hUe  that  ol  the  author  was  used  in 
tttt  at  one  of  thr  ■i..ii..ii«  oj  the  Assoiialed  Cable 
Omipanie*  at  the  '  o(  the  then  Fnginrer-in- 


worked  splendidly,  even  on  very  long  cables.  If  the 
author  intends  applying  his  silencing  device  U>  lines  that 
have  no  great  S  x  K.he  should  proceed  in  the  way  shown 
in  Fig.  E.  If  we  consider  the  signal  shown  by  the  author 
in  F"ig.  II,  it  will  be  seen  that  its  shape  is  inconsistent 
with  lugh-s|XH.'d  working.  The  silencing  device  shown 
111  I'ig.  E  produces  in  the  line  a  distorted  signal.  This 
distortion  is  to  a  great  extent  eliminated  by  the  shaping 
device  at  the  receiving  end.  If  the  system  is  modified 
in  that  way  1  think  there  in  a  field  lor  it  on  lines  that 
arc  inductively  troublesome.  The  interrupter  is  not 
shown  in  the  figure.  It  is  to  l)c  inserted  between  A 
and  B,  or  B  and  C. 
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Mr.  \V.  Gaye  :  I  should  like  to  express  my  regret 
tlmt  in  this  discussion  more  has  not  been  made  of  the 
main  object  wliich  the  author  had  in  view.  Whether 
the  fundamental  principles  underlj-ing  his  scheme  are 
new  or  old,  I  think  the  attenuated  current  that  he 
endeavoured  to  work  with,  and  his  endeavour  to  keep 
his  line  free  from  high-frequency  currents,  were  very 
well  conceived  and  the  whole  thing  carried  out  in  a 
most  resourceful  and  clever  waj-. 

Mr.  W.  J.  Thorrowgood  :  I  remember  many  years 
ago  a  large  number  of  experiments  that  were  made, 
some  by  myself,  with  a  view  to  superimposing  telephones 
and  ^•ibratory  buzzing  telegraphs  on  ordinary  telegraph 
wires.  Several  systems  have  been  successfully  used,  but 
it  was  common  knowledge  and  a  well-recognized  fact 
that  any  conversation  or  telegraphic  signals  on  such 
single-wire  circuits  could  be  heard  or  picked  up  on 
telephone  recei\-ing  instruments ;  also,  if  secrecy  was 
desired,  that  a  double-wire  circuit  properly  run  would 
give  the  secrecy  desired.  It  is  a  matter  of  regret,  in 
view  of  the  loss  of  life  and  damage  done  to  our  Army 
men,  that  our  militarj-  authorities  were  not  aware  of 
these  well-known  facts,  and  that  they  were  surprised 
that  the  Germans  were  reading  their  signals,  but  it  is 
very  possible  that  the  Germans  were  also  surprised 
that  we  gave  them  the  opportunity.  It  would  have 
been  better  had  we  caught  the  Germans.  However,  I 
think  wc  must  congratulate  the  author  on  ha\'ing 
adopted  these  principles  in  1916  and  thus  got  over  a 
very  serious  difficulty.  The  title  of  the  jiaper  mentions 
application  to  military  and  civil  telegraphy.  We  have 
to  remember  that  this  system  and  the  like  have  to  be 
operated  by  human  agency.  Taking  the  case  of  land 
lines  and  private  or  semi-private  companies  who  require 
inter-communication,  I  tliink  the  time  has  come  when 
telegraph  signals  and  signalling  are  out  of  date,  and 
that  we  should  lay  stress  on  telephone  communication 
between  various  places  instead  of  telegraphs  as  at 
present.  Telegraph  communication  can  only  be  made  by 
expert  operators,  who  require  to  be  thoroughly  trained 
at  considerable  cost.  The  telephone  requires  no 
operator— anyone  can  use  a  telephone  ;  conversation 
can  be  made  over  a  telephone  circuit  at  a  very  much 
greater  speed  than  bj-  telegraph.  In  the  adminis- 
tration with  which  I  am  connected  we  are  introducing 
telephony'  to  supersede  the  telegraphs  as  much  as 
possible.  There  is  considerable  difficulty  in  getting 
operators  to  take  up  the  ^lorse  code,  and  that  is  a  great 
barrier  to  the  use  of  telegraph)-  where  there  is  a  mixed 
business  to  contend  with.  The  single-needle  or  Morse 
telegraphs  are  barriers  to  direct  communication  between 
principals,  but  telephones  facilitate  such  direct 
conversation.  I  ad\-ocate  the  telephone  and  tliink  it 
has  many  ad\antages  over  this  or  other  telegraph 
systems,   unless  under  special  circumstances. 

Brigadier-General  A.  B.  R.  Hildebrand  :  The 
author  has  mentioned  my  name  in  referring  to  the 
time  when  the  Germans  first  started  listening  to 
our  con \-ersat ions.  I  think  it  is  only  fair  to  say 
that  two  French  ofhcers  of  the  Tenth  French  Army 
were,  as  far  as  I  know,  the  first  people  to  inter- 
cept telegraph  or  telephone  messages  at  the  Front. 
They    used   ordinary  wireless    telegraph    receivers  and 


earths  made  of  75  mm.  cartridge  cases,  and  it  was 
from  them,  I  have  always  understood,  that  the  Geimans 
took  up  the  idea.  It  was  not  because  we  thought  the 
Germans  were  reading  our  messages  that  we  took 
precautions,  but  because  we  knew  the  French  were 
reading  German  messages,  and  it  was  then  that  the 
author  worked  out  his  scheme.  There  are,  I  think, 
some  grounds  for  the  prejudice  against  the  instrument 
in  the  Army.  \\"hen  it  was  first  introduced  the 
instrument  required  considerable  adjustment,  an 
adjustment  which  the  ordinary  operator  trained  in  the 
Army  had  not  been  taught  and  understood  very  little 
about.  I  think  the  AustraUan  Corps  were  the  first  who 
really  took  up  the  matter  properly.  They  appointed 
what  they  called  inspectors,  and  whenever  there  was 
any  trouble  with  the  Fullerphones,  these  inspectors 
were  sent  to  out  it  right.  I  cannot  say  that  the  Fuller- 
phone  will  alwa}-s  work  through  a  leaky  line.  It  greatly 
depends  whether  the  leak  is  near  the  sending  instrument 
or  not.  Where  the  leak  is  near  the  sending  instrument 
the  very  small  amount  of  current  sent  out  does  not 
always  reach  the  other  end — or  that  was  our  experience. 
.1  cannot  say  that  I  tried  it  on  earth  return  circuits 
to  any  great  extent.  We  insisted  on  the  Fullerphone 
being  used  on  return  metallic  circuits.  It  was  these 
little  difficulties  at  the  Front,  under  very  bad  conditions, 
with  inexperienced  men,  that  prejudiced  operators 
against  the  instrument,  and  which  would,  I  am  sure, 
with  better  training  be  ehminated. 

Brigadier-General  Godfrey-Faussett  :  There  is 
one  remark  in  the  paper  which  has  not  been  dwelt 
upon  at  all  in  the  discussion,  and  that  is  the  question 
of  using  the  Fullerphone  as  an  exchange  telegraph 
instrument.  In  the  large  offices  on  active  service,  such 
as  the  Army  or  Corps  offices,  it  is  found  by  practical 
experience  that  the  amount  of  transmitted  work  is 
considerably  greater  than  the  amount  of  received  and 
forwarded  work  combined,  so  it  is  obvious  that 
anytliing  which  can  be  designed  to  save  the  num- 
ber of  operators  emploj-ed  m  transmitting  is  an 
advantage,  and  I  think  the  future  of  the  Fullerphone 
is  very  promising  in  that  direction.  We  were 
trying  e.xperiments  of  that  nature  with  sounder 
instruments  in  France  just  before  the  GeiTnans  made 
their  last  attack,  and  unfortunately  the  experiments  had 
to  be  stopped  on  that  occasion  because  the  particular 
place  where  they  were  being  tried  was  one  where  the 
Germans  advanced  very  strongly.  It  was  sufficiently 
important  to  try  it  on  the  INIorse,  and  I  think  the 
advantages  of  the  Fullerphone  in  that  particular 
connection  are  worth  bringing  to  notice. 

Mr.  H.  Wilson  :  With  the  exception  of  one  point 
which  may  be  of  military  interest,  I  propose  to  confine 
myself  entirely  to  the  civilian  aspect  of  the  Fullerphone. 
I  have  found  that  one  of  the  Armies,  with  the  object 
of  preserving  secrecy,  employed  operators  with  dialects 
at  their  switchboards,  and  I  think  that  two  Cornishmen, 
two  Aberdonians,  or  even  two  men  from  my  native 
Tyneside,  would  be  able  to  produce  sometliing  which 
would  be  very  puzzling  not  only  to  the  Germans,  but 
to  ourselves.  Turning  to  the  civilian  aspect  of  the 
Fullerphone,  we  are  at  once  faced  with  the  question  of 
buzzer  working  versus  sounder  working,  and  that  seems 
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to  me  one  of  the  most  important  ]Xiints  we  have  to   | 
tonsidcr.     I  think  90  per  cent  or  even  more   ot   those 
who  have  any  experience  ot  the  two  systems,   buzzer   1 
\<TMis  sounder,   will  say  that   the  souml'T  working  is 
much   less   tr\-ing   than   the   buzzer.     Kven   with   gooil    | 
Imzzcr    signals    in     the    early    da>*s    when    we    were 
cxpcnmenting  with  the  I'uUerphone,  so  jx-rsistent  are 
the   buzzer  signals   that   I   rould   read   buzzer  signals 
quite  easily  when   going   home  in   the  train  at   night. 
1  have  not  the  slightest  doubt   that  if  one  asked  the 
great    majorit)     of    telegraph    ojierators,    they    would 
immediately  vote  in  favour  of  sound  reading  as  being 
less  tn,'ing  and  much  more  easily  d«>alt  with  than  the 
l"i.-7<T.  apart  altogether  from  the  fact  that  with  buzzer 
.ing  one  must  of  necessity  employ  headgear  receivers. 
N'iiiii  regartl  to  the  advantages  laid  down  in  the  paper,    I 
the  first  is  great  saWng  of  batterv-  power,  but  1  think   ' 
that    is    really    more    apparent    than    real.     When    we 
take  into  account  that  the  telegraph  offices  of  to-day 
must  have  large  accumulator  systems  for  other  work, 

I  do  not  think  the  balance  in  favour  of  the  Fullerphone 
would  be  really  appreciable.  With  regard  to  the 
simphcity  of  office  wiring  and  the  simplification  of  the 
instrument,  I  should  like  to  ask  the  author,  who 
r'-"mmends   that   for   Fullerphone  working   the  earth 

!(1  be  quite  separate  from  the  earth  employed  for 

.n.irv'  Morse  sounder,   whether  that   means  that   in 

l.irge   telccraph  office  the  main  "  earth  "  provided 

:  !.i  n-  would  not  suffice  for  both  Fullerphone  and  sounder. 

I I  »  c  have  to  have  a  separate  earth  for  each  Fullerphone, 
iiiMrad  of  simplifying  the  wiring  conditions,  it  would 
\  <  ry  greatly  add  to  the  complexity.  Apart  altogether 
from  that,  if  we  look  at  Fig.  13  as  representing  an 
ordinar)'  Fullerphone  station  for  civil  purposes,  we  find 
two  coils,  three  condensers,  one  special  relay,  an 
adjustable  shunt,  one  local  relay,  one  call  buzzer — and 
a  buzzer  is  the  most  unreliable  instrument  we  have  to 
deal  with— and  the  chopper.  I  beseech  the  author  to 
:ih>T   thit    Inst    name.     Taking   into  consideration   the 

the  various  switches,  and  comparing  it 
inplc  polarized  sounder,  4  mfd.  condenser, 
and  single-current  key  of  a  common  batter}'  set  largely 
employed  for  communications  for  which  the  Fullerphone 
would  be  adopted,  I  think  it  will  be  admitted  that  the 
case  for  simplicity  has  not  been  made  good.  The 
nrxt  advantage  claimed  is  that  very  long  distances 
can  be  covered  without  translation  or  rel.Tviiig.  I 
r.Tnmit  ronrpive  that  that  is  so.  I  think  tr.iific 
would  make  the  use  of  Fullerphones 
r'-m  other  points  of  Niew.  With  re.i;ard 
to  the  claim  that  maintenance  of  lines  can  be  reduced 
to  a  minimum,  surely  we  do  not  want  to  reduce  the  hnes 
to  a  minimum,  but  to  increase  them  as  far  as  possible 
frrini  the  jioint  <if  view  not  only  of  the  Fullerphone  but 
of  otiier  (itcuitK      Aluo  if  there  is  a  leakage  taking  place 

ion  even  in  I-'uller- 
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'    hiy  ol  Working 
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•in  or  re- transmission,  that 
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wave-form,  of  course,  reduces  the  speed  capacity  o 
the  line,  and  it  might  not  be  possible  to  permit  this 
I  agree  with  the  author's  conclusion  that  the  scbem' 
has  many  outlets  for  real  good  scr\-ice,  but  it  is  a  mistak 
to  try  to  magnify  or  exaggerate  the  uses  to  which  th 
Fullerphone  might  be  put. 

Mr.  J.  Eck  :  There  are  one  or  two  questions  I  shouli 
like  to  ask.  The  author  mentions  frequencies  betAvee; 
300  and  700 :  has  this  any  practical  effect  on  th 
speed  of  receiving  and  the  period  during  which  a 
operator  can  receive  without  being  befogged  in  hi 
brain  ?  1  should  hke  to  ask  the  author  if  he  coul 
give  us  some  particul.\rs  of  Captain  Turner's  rela> 
which  seems  likely  to  have  a  very  impxirtaii 
effect  in  the  civilian  applicarion  of  this  apparatus 
It  is  to  be  regretted  that  the  Government  did  no 
let  their  difficulties  be  known  to  engineers  at  larg 
so  that  they  could  have  given  earlier  assistance.  On 
or  two  gentlemen  were  able  to  do  it,  but  thev  di 
not  probably  reali/c  wliat  the  troubles  were. 

Mr.  LI.  B.  Atkinson  :  Aprojxjs  of  remarks  whic 
have  been  made,  I  may  give  the  following  expcrienci 
In  the  early  part  ol  the  war  a  nephew  of  mine,  a  youn 
fellow  who  had  just  left  school  and  knew  nothin 
whatever  of  the  militarj'  arts  or  of  electric  scienci 
wrote  to  me  something  as  follows  :  "  We  have  dii 
covered  that  the  BcKhe  reads  all  our  signals  sent  h 
the  buzzer.  .-Vs  you  know  all  about  electricity,  and  « 
my  Colonel  has  put  me  on  to  solve  the  question,  woul 
you  kindly  write  to  nic  how  to  do  it  ?  "  It  occurred  t 
me,  as  it  did  to  Mr.  Eck,  that  it  was  a  wonderful  thiii 
the  Army  needed  to  discover  that  if  they  stuck  t« 
l>ayonets  into  the  ground  and  completed  the  circu 
through  the  earth  evcr\'body  within  a  reasonab 
distance  would  be  able  to  read  the  message,  and  I  ah 
thought  it  was  curious  that  they  should  apply  to 
boy  just  out  of  school  \slio  knew  nothing  about  tl 
subject  to  find  a  solution  of  the  difliculty.  I  wro 
back  and  said  :  "  If  you  will  send  me  the  followir 
information  " — and  I  sent  him  a  list  of  questions 
"  there  are  hundreds  of  people  who  can  solve  tl 
question  for  you  verj-  quickly  without  the  Colon 
being  troubled  with  it."  His  reply  was  :  "la 
forbidden  to  send  vou  any  of  the  information  you  a; 
for" 

Lieut. -Colonel  A.  C.  Booth  :  The  Fullerphone  h 
filled  a  want  which  was  very  greatly  felt  in  the  sign 
service  at  that  time.  Infortunately,  the  discovery  w 
not  made  early  enough,  and  I  think  many  lives  w 
lost  in  the  earlier  days  of  the  war  Ix-fore  it  lK-c;r 
available.  The  buzzer  is  a  favourite  instrument  in  ti 
Army,  but  a  most  aggressive  instrument  :  it  ups« 
everj'body  within  its  range,  and  one  cannot  get  awi 
from  it.  The  author  h.is  prcxluced  an  instrumc 
which  dislurlw  nolxxly,  and  if  one  wants  to  hear 
one  has  to  adopt  the  very  latest  type  of  ap|taratu8 
find  It,  and  must  get  very  close  to  the  actual  lir 
lietween  thfisi"  two  extremes  there  are  several  otii 
instrument.s  which  nrc  much  less  aggressive  than  t 
old  Army  buzzer,  ami  therefore  less  capable  of  liei 
tappe<l.  The  ordinary  sounder  is  one,  and  that  1  thii 
was  not  u»e<l  in  the  forward  areas  to  the  extent  it  slioii 
have  Item  in  the  early  ilays  of  tlir  war.     If  they  h 
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been  used,   their   uotes   of  induction  being   much   the 
same   by  steady   currents,    a   number   of   them   would 
easily  have  confused  any  Ustening  station,   and  over- 
hearing to  a  large  extent  would  have  been  prevented. 
There  is  another  instrument  known  as  the  \Vheatstone 
ABC    that     could     have     been    used,    and     wliich    is 
extremely  difficult  to  tap,  more  especially  if  a  number 
of   them   are   in   use      There   were   some   hundreds   of 
these  available,  and  it  has  been  a  mystery  to  me  why 
they  were  not  used  at  this  particular  time  as  a  stop- 
gap between  the  ordinary'  buzzer  and  the  Fullerphone. 
It  was  recommended  on  several  occasions  to  the  signal 
service,  and   perhaps  the   author  can    enlighten    us  as 
to  the  reason  why  they  were  not  utiUzed.     There  are 
one  or  two  criticisms  of  the  Fullerphone  that  I  should 
bke  to  make,  more  in  the  way  of  constructive  criticism, 
especiallj'  in   regard   to   the   facility  for   putting  on  a 
telephone.     The  raison  d'etre  for  the  existence  of  the 
Fullerphone  is  that  it  should  not  be  tapped,  but  the 
addition  of  the  telephone  is  the  most  perfect  means  for 
enabhng    this    to    be    done.     To    my    mind    it    is    like 
short-circuiting    the    thing.     We    all    know    that    the 
regulations  say  the  telephone  shall  not  be  used.     My 
experience  in  the  last  five  years  is  that  regulations  are 
mainly   put   up   to   be   shot   at.     I   have   even   kno\vn 
credit  to  be  given  in  cases  where  regulations  have  been 
successfulh'  overridden.     One  can  easily  imagine  that 
the  Fullerphone  may  not  be  Uked  by  some  operators. 
An  officer  may  say:  "  If  you  cannot  get  him  on  that, 
go  on  to  the  telephone,  it  is  only  a  few  words  "  ;     but 
those  few  words  may  mean  losing  a  battle,  and  I  hope 
the  author  will  have  the  telephone  taken  off.     I  am 
very    distxirbed    about    it    altogether.     Look    at    the 
number  of  cases  of  grenades  brought  home  from  the 
war   exploding    in    houses.     An    indiscreet    officer    can 
easily  say  :     "  Pass  that  on  the  telephone,"   and  the 
whole  damage  is  done.     With  regard  to  the  potentio- 
meter, it  is  a  very  simple  instrument  for  an  ordinarj^ 
electrical  engineer,  but  when  the  average  operator  who 
has    to    maintain    the    adjustment    of    his    instrument 
comes  to  look  at  the  diagrams,  well,  he  goes  on  to  the 
next.     Why    have    a    potentiometer  ?     If    the    earth 
currents  are  of  little  disturbance,  and  if  one  can  reverse 
the  Une  to  earth  to  get  over  the  difficulty,  why  is  a 
potentiometer  wanted  ?     I  like  simpUcity  for  those  who 
are  in  trenches  or  in  dugouts.     I  am  mainly  interested 
in    the    longer    lines.     The    results    which    the    author 
quotes  on   page  34  are   very  interesting,  but   he   does 
not  give  the  speed  at  which  they  worked  ;    it  may  have 
been  6  words  a  minute  ;    one  remembers  that  the  Old 
Army  was   satisfied    with    10.     Between    London    and 
Birmingham  at  the  present  time  we  work  180  words  a 
minute  each  way.   printed,   and  between  London  and 
Gl£isgow  120  words  a  minute  each  way,  printed.     That 
is  a  problem  the  author  might  like  to  look  into.     If  he 
puts  in  chokes  at   the  end  of  the  Une,   the  signal  is 
flattened  out,  and  the  curve  in  Fig.  11  (a)  would  be  all 
joined  up  as  one.     I  do  not  know  how  he  would  get  over 
that.     In  some  cases  of  cables  I  have  worked  on,  it  is 
as  much  as  we  can  do  to  get  a  Morse  signal  through 
without  the  signals  running  together. 

Mr.  W.  Dolton  [communicated)  :    I  should  like  to  ask 
the    author    a    question.     During    the    past   two  years 


while  engaged  as  an  instructor  on  the  Fullerphone  in 
the  Southern  Command  I  gained  a  good  deal  of 
experience  in  various  patterns  of  the  apparatus,  and 
towards  the  end  of  the  summer  of  191S  I  obtained  a 
diagram  of  the  German  instrument  known  as  the 
"  Utel,"  which,  while  it  is  in  principle  copied  from  the 
British  Fullerphone,  has  one  or  two  differences.  For 
instance,  instead  of  a  make-and-break  or  chopper  on  the 
Fullerphone  circuit,  a  small  microphone  mounted  upon 
the  reed  of  the  local  buzzer  provides  a  var\-ing  resistance 
of  musical  frequency  which  answers  the  same  purpose. 
It  appeared  to  me  that  if  this  arrangement  was  equally 
satisfactory,  that  it  had  the  merit  of  requiring  less 
adjustment  than  the  British  pattern  with  its  No.  i 
and  No.  2  contacts,  .\nother  feature  was  that  the 
calling  was  effected  by  putting  a  steady  current  on  the 
line  which  actuated  a  sensitive  relay  at  the  receiving 
station.  This  relay  operated  the  local  buzzer  through 
a  local  battery.  I  understood  also  that  the  instrument 
was  then  being  tested  and  e.xarained  in  the  Experimental 
Section  of  the  Signal  Service,  and  I  should  be  very 
grateful  if  the  author  could  give  us  the  result  of  the 
investigations. 

Mr.  F.  E.  Meade  {communicated)  :    Referring  to  the 
theoretical  diagram  of  the  Fullerphone  given  in  Fig.  4, 
the  non-inductive  property  of  the  system  depends  on 
the  action  of  the  condenser  K3.     It  is  interesting  to 
note  that  this  condenser  can  only  operate  because  the 
line  current  is  not  an  absolutely  .steady  one.     Let  the 
sending  key  at  the  distant  station  be  held  down,  and 
the    buzzer   at    the    receiving   instrument   be   running. 
At  the  moment  of  break  of  the  contact,  the  line  current 
begins  to  decrease  and  the  potential  difference  across 
this   condenser   rises,    the   condenser   taking   a   further 
charge.     The  line  current  during  the  small  fraction  of 
a  second  while  the  contact  is  open   passes  through  the 
condenser  as  a.  displacement   current.    While  the  con- 
denser   is    still    charging,    the   contact  is   made   again. 
The  potential  difference  across  the  condenser  now  falls 
owing  to  the  line  current  increasing  to  its  former  value. 
The   condenser   discharges   to   its   former   voltage,    the 
'    discharge  current  assisting  the  fine  current  in  giving 
a  pulse  of  energy  to  the  receiver.     The  frequency  of 
this  variation  of  Une  current  is  the  same  as  the  buzzer 
'    frequency :     its    magnitude    is    very    small,    since    a 
telephone  receiver  connected  in  series  with  the  line  is 
silent.     No  ripples  are  to  be  observed  on  the  curve  of 
line  current  shown  in  Fig.  11(a),  but  if  there  were  actuaUy 
no  variation  at  all,  then  there  would  be  no  change  of 
I    voltage  across  the  condenser  while  the  distant  sending- 
key  was  depressed,  and  the  condenser  would  be  quite 
inoperative.     The  curve  of  line  current  shown  in  Fig.  1 1 
is  rather  obscure.      The  idea  conveyed  by  Fig.   11   is 
that   the   line    current   is   so    much  smaller   than   the 
receiver  current  at  normal  voltage  as  to  be  immeasur- 
able by  the  same  means.     The  magnitude  of  the  Une 
current  cannot  bo  less  than  the  average  value  of  the 
current    through    the    receiver.     An    earth    current    in 
relation  to  Fullerphone  working  may  be  either  an  end- 
to-end   current   that   enters   at    the   earth   pin   at    one 
I    station    and    leaves    at    the    other,     there    being    no 
appreciable    hue    leakage,    or    the    earth    current    may 
enter  or  leave  the  system  at  places  where  the  insulation 
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..f  the  line  is  faulty;  In  some  of  the  earlier  t>-pes  of 
.(..«  the  buzzer  was  at  rest  when  the  operator 
■A.,  ^.....ug  and  a  study  of  the  circuits  of  the  instrument 
gi\xn  in  Fig.  lo  shows  that  when  the  bur/er  is  not 
running,  the  chopper  contact  being  open  and  the 
scndinc-kcy  at  rest,  there  is  no  path  for  a  steady  current 
throuph  the  instrument.  An  end-to-end  earth  current 
wnxM  not  affect  the  FuIIcrphonc  working,  since  for  such 

tIjc  circuit  is  open  when  the  key  of  the  sending 
,.  -is  at  rest,  and  when  the  key  is  depressed  to 

send  a  dot  or  dash  the  earth  current  is  simply  added 
to  or  subtracted  from  the  signalling  current.  It  can 
alwa>-s  be  arranged  that  the  earth  current  increases  the 
strength  of  the  received  signals,  and  with  this  connection, 
i.e.  sending  with  the  buzrcr  at  rest,  signalling  has  been 
carried  on,  using  earth  currents  alone.  By  having  the 
hiirrT   running   whilst   sending,    the  operator   has   the 

•  t  of  his  receiving  circuit  constantly  under 
iiearing  the  outgoing  signals  has  lxH?n  found 
to  give  confidence  to  an  operator  trained  chieHy  in 
ordinar>-  vibrator  working.  The  blurring  effect  of  Une 
capacity  is  also  eUminatcd  Can  the  author  state  if 
there  arc  other  advantages  ?  The  second  type  of  earth 
current,  probably  the  one  more  frccjuently  met  with 
in  militar>-  working,  can  only  be  completely  eliminated 
b\-  means  of  a  potentiometer.  The  author  says  on 
•..iK'c  3i  h>w  signals  can  be  improved  by  increasing 
til  resistance  of  the  Fullcrphone  earth  connection. 
r  ;-■  IS  olten  ver>-  effective  in  dealing  with  this  class 
•  I  (.eirth  currents  in  cases  where  a  potentiometer  is 
not  available.  The  introduction  of  resistance  in  the 
earth  connection  has  the  effect  of  increasing  the 
resistance  of  the  local  earth  current  circuit  to  a  pro- 

"ly  greater   extent  than  the   increase  made  to 

■  mcc  of  the  whole  Fullerphonc  circuit.  The 
larili  current  that  passes  tiirough  the  instrument  is 
therefore  cut  down  to  a  larger  degree  tliaii  the  line 
signalling  current,  and  signals  become  correspondingly 
clearer. 

Mr.  E.  S.  Ritter  [comniuni:aUd)  :  The  author 
rlcscrves  great  credit  for  the  manner  in  which  he  has 
developed  the  instrument,  which  undoubtedly  met  a 
»enou5  militar>-  need  at  the  time  it  was  produced. 
In  my  opinion  the  military  authorities  deser\'e  a  certain 
amount  of  cen<iure  for  not  making  a  want  of  this  nature 
more  widely  known  amongst  those  who  should  have 
Nen  in  a  jiosition  to  supply  the  want.  One  speaker 
has  suggested  that  the  \\  hratstone  AHC  instrument 
might  have  been  use<J  as  a  stop-gap,  or  perhaps  the 
Van  Rys-..  il«  r.'li..  s>^tcm  using  a  polarize<l  sounder 
of  high   I  or  an  ordinary  sounder  and   relay. 

The  ideal  iiii'i.ining  the  inttniment  have  been  known 
lur  a  lona  time,  but  it  is  to  the  credit  of  the  author 

.  ther  in  the  form  of  a  good 

t.     On  page  32  the  author 

'  tjilionc  in  liable  to  hr  upset  by 

tire  tut   "r  !\  common   "  earth  " 

with  ?   Mf»r»c    circuit,   yet    '  on    p.ige   34   th.it 

■From   ex|>cnmcnts   and    '  nlly   made   it    has 

Ijcen    c«tabli»hed    that    the    1-ullrrphonc    can    replace 

Mor»e  Kiunder   set*  on   any  hand-\vorke<l   line  "     This 

•eem*  to  Iw  rather  a  iweeping  statement   in   view  of 

wliat  was  said  on  page  32.     The  author  might  reconcile 


these  statements.     The  author  might  have  mentioned 
a  further  advantage    of    the    instrument  on   page  34, 
that  of  "  portability."     I  take  strong  objection  to  the 
word     "  chopper  "     as    applied    to    the    local    buzzer, 
and     would     suggest     the     word     "  interrupter  "     as 
being  better  and   still   describing   the  function  of  this 
particular  piece  of  apparatus.     In  connection  with  the 
proposed  use  of  the  instrument  for  civil  work  I  should 
like  to  make  a  few  observations.     The  four  fundamental 
points  in  the  present  instrument  arc  :    (1)   The  sending 
to   line   of   a    very   weak   current   at   a   low    potential. 
(2)    The  rate  of  change  of  this  current  is  reduced  to  a 
minimum  by  means  of  chciking  devices.     Consequently 
the  working  of  the  instrument  is  unlikely  to  disturb 
adjacent  telephone  or  telegraph    lines,  including   lines 
on  which  it  may   be  superpt»e<l.     (3)    It   is   not  itself 
disturbed  by  currents  of  telephonic  speech  frequency 
(or   perhaps   high-sp)ced   telegraph   currents).     (4)     The 
reception  of  the  signals  aurally  by  means  of  a  headgear 
telephone   receiver.     The    uses    of    the    instrument    for 
civil  work  would  appear  to  be  strictly  limited  with  the 
instrument  in  its  present  form.     I  here  assume  that  the 
connections  of   either   Figs.    13   or    15   are   used.     The 
principal  disadvantages  of  the  instrument  as  they  appear 
to    mc    are:     (1)     The    susceptibility    to    disturbance 
from  slowly-varj-ing  earth  potentials  such  as  might  be 
caused    by  electric   traction,   etc.,   as  well  as  adjacent 
Morse    telegraph    circuits.     No    doubt    some    of    this 
trouble   could   be   got  over   by   using   greater   voltages 
or    working    on    a    metallic    loop    circuit.     The    first 
alternative  increases  the  battery  costs,  the  second  the 
line  costs.     (2)    In  its  present  form  it  appears  to  be  a 
low-speed    hand   instrument,  and    not   suited    to   high- 
speed working.     (3)    The  reception  of  the  sig^nals  being 
on  a  headgear  receiver  may  be  objectionable  in  civil 
work.     A  loud-speaking   receiver   with   or   without   an 
amplifier    or    some    device    working    a    sounder    would 
jierhaps    get    over    this    objection    at    the    expense    of 
simplicity.     (4)     The   "  interrupter  "   would   appear  to 
require    occasional    adjustment.     Can    this    always    be 
done    by    skilled    ojierators,   or    has    the    author    an 
absolutely  reliable  htizzer  ?        I   will  now  indicate  one 
or  two  uses  which  the  instrument  could  perhaps  be  put 
to  with  advantage.     It  could  be  used  as  a  telegraph 
"  sjjcaker  "    to    link    up    various    testing    offices    and 
linemen's  huts  along  a  main  underground  or  overhead 
route.     It    might    bo    sui'K'riioscd    on    two    loojjs    of    a 
loaded  cable  or  even  on  two   loaded    phantom  circuits. 
In   lx)th  cases  it  would   work  on  a   metallic   loop,  and 
therefore  be  free  from  earth  disturbances.     It  could  also 
Ix'    superposed    on    a    loailinl    cable    Icxip    or    phantom 
circuit   with   an   earth   return   or   even    used   on   aerial 
wire  circuits.     Linemen  in  search  of  faults  might  carry 
a  (xirtahle  set  and  could  call  up  the  testing  ]>oint,  using 
the  instrument  either  as  a  telegraph  instrument  or  as. 
a  telephone.     I'scd  in  a  testing  office  the  objection  to 
a  headgear  set  would  be  a  minimum,  as  the  use  would 
be    intermittent.     A    second    use    lor    the    instrument 
would  Ik  to  replace  Mome  sounder  circuits  where  for 
anv    reason    they    might    be    causing    disturbance    to 
telephone    or    other    ciicuits.     A    third    use,    and    one 
which   1   think  the  author  had  in  miml   when  writing 
the  i>ajier,  ii  lo  connect,  in  sparsely  ixi]iulate<l  countrie*. 
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villages  to  towns  some  distance  away.  Here  also  the 
combination  of  the  telephone  with  the  instrument  might 
prove  of  use.  I  should  like  to  suggest  to  the  author 
that  he  might  consider  the  conversion  of  the  set  to 
central  battery  working  for  short  distances  and  perhaps 
metallic  loops.  A  steady  current  might  be  sent  out 
which  would  work  the  "  interrupter  "  at  the  out  station. 
This  current  could  be  balanced  as  regards  the  receiving 
circuit  by  electrolytic  cells  or  a.  potentiometer,  the 
signals  being  sent  and  received  by  varying  the  strength 
of  current  flowing  in  the  main  circuit  either  by  altering 
the  resistance  at  the  outer  and  home  ends,  or  by  altering 
the  battery  voltage  applied  at  the  home  end.  By 
these  means  it  might  be  possible  to  work  instruments 
off  a  telephone  exchange  battery.  Contrary  to  the 
opinion  I  heard  one  speaker  express,  I  should  imagine 
a  duplex  balance  could  be  easily  obtained  on  account 
of  the  slow  rise  and  fall  of  the  current.  Perhaps  the 
author  has  some  experience  on  this  point.  On  the 
other  hand,  if  the  line  insulation  is  poor  and  varying, 
a  duplex  balance,  if  not  impossible  of  attainment,  might 
be  extremely  difficult. 

Major  A.  C.  Fuller  {in  reply,  conwumicated)  :  In 
reply  to  Mr.  Judd,  double-current  working  can  be  and 
has  been  used  for  Fullerphoning.  The  potentiometer, 
severely  criticized  by  some  speakers,  can  easily  be 
arranged  to  balance  out  the  effect  of  the  spacing  currents, 
and  therefore  automatically  doubles  the  effect  of  the 
marking  current.  In  many  of  my  high-speed  recording 
experiments  where  Fullerphones  with  their  small  line 
currents  were  employed,  double-current  working  was 
successfully  resorted  to.  There  is  no  good  reason  known 
to  me  why  the  inverse-current  method  described 
should  not  be  applied  to  the  Fullerphone.  As  explained 
in  the  paper  the  investigation  of  the  use  of  the  instrument 
and  its  capabilities  over  long  submarine  cables  has  not 
been  carried  very  far,  but  the  author  would  be  very 
pleased  to  have  an  opportunity  of  seeing  what  could 
be  done  in  this  direction. 

I  am  in  agreement  with  Colonel  Evans  in  general. 
At  the  same  time  I  should  Uke  to  point  out  that  my 
early  design  of  instrument  for  the  Front  did  include 
the  potentiometer,  which  was  ruled  out  by  higher 
authorities  partly  for  the  sake  of  simpUcity  and  partly, 
I  believe,  to  hasten  supply.  Experience,  however, 
confirmed  the  desirability  of  including  the  potentio- 
meter, and  it  was  again  introduced  into  the  later 
models. 

I  think  it  will  be  conceded  that  Mr.  Harrison 
attributes  to  me  more  sanguine  views  than  I  have  ever 
expressed.  Reference  to  the  "  conclusion  "  of  my  paper 
will  show  that  I  never  contemplated  "  the  universal 
employment  of  the  Fullerphone  in  civil  telegraphy." 
I  still  hold  to  the  views  expressed  in  the  paragraph 
referred  to,  and  it  is  therefore  not  necessary  to  deal 
further  with  this  speaker's  remarks  on  this  mis- 
apprehension. It  may  be  of  interest  to  remark  that 
duplexing  experiments  have  been  successfully  canied 
out.  Again,  Mr.  Harrison  speaks  very  confidently  of 
various  disturbances  which  are  commonly  met  with 
"  hopelessly  jamming  the  apparatus  " — to  this  I  can 
only  reply  that  perhaps  his  experience  of  this  has  been 
both  larger  and  more  unfortunate  than  mine,  since  I 


have  only  very  rarely  met  or  heard  of  a  case  where 
this  jamming  occurred. 

Since  Mr.  Brown's  device  which  he  claims  to  be 
similar  and  prior  to  the  Fullerphone  was  on  his  own 
showing  "  made  principally  to  work  through  broken 
wires  or  cables,"  there  must  be  some  radical  difference 
between  it  and  the  Fullerphone,  for  the  one  condition 
for  which  the  latter  is  useless  is  that  when  the 
conductor  is  entirely  broken.  I  entirely  agree  with  Mr 
Brown  that  at  first  sight  his  system  appears  to  include 
no  wave  straightener,  and  further  it  actually  has  none 
and  would  not  properly  function,  as  the  Fullerphone 
does,  over  the  Hnes  on  which  the  Fullerphone  was 
designed  for  and  worked  over.  Mr.  Brown  appears  to 
fall  into  the  error  (which  is  common  to  many  others) 
that  the  only  earth  currents  to  be  feared  are  those 
originating  at  the  ends  of  the  line.  This  is  not  the 
case.  Further,  where,  as  in  war.  the  instruments 
have  to  be  used  exposed  to  weather  and  in  wet  positions 
such  as  dugouts,  the  bottoms  of  trenches,  etc.,  their 
insulation  suffers,  and  I  am  of  opimon  that  to  balance 
the  inevitable  earth  current  is  far  sounder  than  to 
assume  that  it  can  be  prevented.  Though  no  doubt 
the  action  of  the  War  Office  in  1897  was  disappointing 
to  Mr.  Brown,  I  think  that  since  the  War  Office  were 
not  administering  long  submarine  cables  their  action 
was  at  least  defensible,  ^^'hy  did  not  the  speaker 
put  forward  his  device  in  1914  ?  The  latter  portions 
of  this  speaker's  remarks  are  too  vague  to  deal  with 
and  in  any  case  do  not  seem  relevant  to  the  discussion. 

Mr.  Nash  throws  an  interesting  light  on  the 
transition  stage  between  the  use  of  the  vibrating  system 
and  the  introduction  of  Fullerphones.  The  screening 
methods  outhned  were  without  doubt  of  great  value 
as  a  stop-gap.  They  could  not,  however,  be  retained 
for  various  reasons,  among  which  two  may  be  mentioned 
viz.  :  (a)  The  expenditure  of  energy  (battery  power) 
and  line  maintenance  involved  ;  (6)  the  method  not 
only  jammed  the  enemy  listening-sets,  but  also  jammed 
certain  of  our  own  important  conununications.  I 
should  hke  to  express  my  gratitude  to  this  speaker  for 
his  sympathetic  feeling  towards  the  author  of  the  paper. 

General  Hildebrand's  remarks  go  far  to  answer 
Mr.  Thorrowgood's  opening.  There  is  no  doubt  whatever 
that  the  Allied  military  authorities  were  quite  ahve 
to  the  fact  that  messages  could  be  overheard  to  some 
extent,  as  were  the  other  belligerent  Powers.  The 
matter  only  became  serious,  however,  with  the 
development  of  the  amplifying  valve  which  occurred 
during  the  early  stages  of  the  war.  It  appears  to  be 
still  taken  for  granted  in  civiUan  circles  that  the 
technical  miUtary  authorities  were,  and  perhaps  still  are, 
behind  their  civilian  confreres.  Tfiis  impression  should 
I  think  be  erased.  The  fact  that  military  scientific 
development  is  of  necessity  frequently  carried  on  beliind 
a  screen  and  without  publicity  should  not  be  over- 
looked. To  return  to  General  Hildebrand's  remarks, 
it  is  worth  noting  that  we  at  home  reproduced  as  many 
of  the  cases  in  which  failure  to  get  through  bad  liner 
had  occurred  as  we  were  able,  and  we  were  always 
able  to  work.  From  this  I  think  we  can  safely  assume 
that  the  insufficiently  trained  personnel  was  to  blame 
rather  than  the  svstem. 
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It  is  to  be  regretted  that  the  interesting  trials  being 
carried  out  in  France  were  interrupted  by  the  German 
advance.  I  hope,  however,  that  General  Faussctt  will 
see  his  way  now  to  carry  on  these  experiments 
under  more  stable  and  satisfactorj-  conditions. 

Mr.  H.  Wilson  opens  up  the  controversy  of  reading 
buzzer  \-ersus  sounder  signals.  Mr.  WiLon  is  very- 
much  in  favour  of  sounder  signals,  and  this  fact  alone 
makes  me  confident  that  he  was  trained  first  to  these 
signals.  I  find  that  the  telegraphist—  and  I  have  had 
a  fair  experience  of  them — is  very  faithful  to  his  first 
love.  Those  taught  on  sounder  prefer  sounder,  those 
taupht  on  butrer  prefer  it.  Hence  as  the  greater 
nnn-.bor  of  telegraphists  to-day  (at  any  rate  P.O. 
v  were    sounder    reared,    so    their    opinion 

u  --s  favour  the  sounder. 

As  in  the  ca"»e  of  a  former  speaker.  I  find  in  Mr. 
Wilson's  remarks  evidence  of  misapprehension  of  my 
ideas  of  the  future  use  of  thesj-stem.  May  I  quote  again 
from  my  "  Conclusion  "  :  "  For  civilian  use,  one  cannot 
expect  sounder  sets  that  are  established  and  giWng 
satisfaction  over  well-constructed  routes  to  be  discarded 
in  favour  of  Fullcrphones  ;  but  it  is  expected  that  the 
■i  to  be  derived  from  the  new  system  will 
adoption  in  countries  not  already  thoroughly 
<■  from  a  telegraphic  standpoint.     An  opening 

s:  o  arise  in  tropical  countries  where  maintenance 

difhculties  are  considerable — and  it  is  probably  not  too 
much  to  say  that  the  sj-stem  described  would  give 
satisfaction  wherever  difficulties  from  any  cause  render 
Moisc  sounder  working  precarious."  Certain  telegraph 
engineers — more  especially  those  of  the  British  Post 
Office — seem  to  have  their  \'ision  limited  to  the  extent 
of  the  British  Isles.  NNTiy,  for  i-xample,  does  Mr. 
\'  V  that  "  the  telegraph  olTires  of  to-day  must 

1  accumulator  s>-stoms  for  other  work  "  ?     Is  he 

not  mentally  contemplating  the  CT.«).  l/indon,  the 
Office  in  I  jverpool,  or  some  sinular  large  city  in  a  densely 
populated  area  ?  What  of  a  telegraph  office  in  the 
Argentine — or  even  in  rural  Canada — in  the  vast  spaces 
of  China,  or  in  some  Russian  \illage  ?  Why  must  they 
have  "  large  accumulator  sj-stenis,"  and  how  are  these 
arr<!mi!latf)rs  to  be  charged  ?  I  specifically  state  in  the 
]  •   I  do  not  expect  the  I-'ullcrphonc  to  displace 

.  i    hystom?,    and    I    clearly    conceived    its   use 

m  such  locaUties  as  alxive  indicated,  yet  Mr.  Wilson 
•laj-s  :  "  It  is  a  mistake  to  try  to  magnify  or  exaggerate 
the  uses  to  which  the  Fullerphone  might  be  put."  I 
quite  agree,  but  surely  the  magnification  and  exaggera- 
tion have  been  employed  by  others,  in  order  to  have 
■  almiTSt  ridiculous  to  criticize.  A  similar 
.  rwrc-nt  misapprehension  is  contained  in  the 
(■.ii'.wij.f;  ■nm  Mr.  Wilson's  remarks  ;     "  With 

r'f.iT'l   1'  1   that   maintenance  of  lines  can  lie 

urn.  surely  we  do  not  want  to  reduce 
V  '  iinum,  but    to  increase  them  as  far 

aj  poMiibIc  ..."  Cannot  Mr.  Wilson  differentiate 
between  re<hiction  of  maintenance  and  reduction  of 
line«  ?  Apain.  reverting  to  an  earUer  remark  of  Mr. 
Wil»f>n'»,  he  »ayi  :  "  If  we  have  to  have  a  separate 
f;arth  for  each  Fuller|>hone,  instead  of  simplifying  the 
%■  iidition*.   It   would    very    greatly    .idd    to    the 

.-."     Let  me  reply  that  the  pa|>cr  was  meant 


to  convey  the  information  that  where  there  were 
Morse  sets  and  FuUerphones  working  in  the  same 
office  there  should  be  two,  and  only  two,  earths — one 
for  the  Morse  sets  and  one  (common  earth)  for  the 
FuUerphones. 

Mr.  J.  Eck  asks  whether  the  note  of  the  received 
signal  has  any  effect  on  the  speed  of  reception  or  the 
fatigue  of  the  operator.  The  notes  that  can  be 
obtained  are  quite  satisfactorj'  for  any  manual  speed 
of  sending.  Indi\idual  operators  choose  difTcrent 
notes,  but  it  is  generally  conceded  that  the  higher 
notes  give  clearer  and  more  definite  signals,  but  at  the 
same  time  are  more  tiring  if  prolonged  reception  is 
required. 

From  my  experience  of  the  conditions  of  lines  in 
the  early  part  of  the  war  I  am  very  doubtful  whether 
it  would  have  proved  possible  to  have  worked  with 
the  instruments  referred  to  by  Colonel  Booth.  At  all 
events,  considering  the  verj-  leaky  condition  of  cables, 
the  expenditure  of  battery  power  would  probably  have 
been  prohibitive.  My  views  were  not  asked  at  the  time, 
and  I  did  not  know  of  the  recommendations  referred  to 
by  Colonel  Booth,  so  that  I  am  afraid  he  must  seek 
enlightenment  elsewhere.  With  regard  to  the  results 
quoted  on  page  34,  these  were  taken  as  indicated  in 
the  paper  from  Official  Post  Office  reports  by  the 
Research  Dejiartment.  No  mention  of  speed  was  made, 
but  probably  the  report  referred  to  ordinary  manual 
operation.  As  a  matter  of  interest  we  have  sent 
messages  by  FuUerphones  on  a  loop  from  Woolwich  to 
Bristol  and  back  and  recorded  them  at  speeds  between 
60  and  80  words  a  minute,  using  the  normal  voltage 
and  valve  rcla\-s  I  should  very  much  like  to  know 
what  grounds  the  sjjeaker  has  for  saj-ing  that  the  Old 
Army  was  satisfied  with  10  words  a  minute,  especially 
as  he  infers  from  the  context  that  this  refers  to 
established  communications  over  long  lines.  Is  it 
beyond  his  knowledge  or  memory  perhaps  that  the 
Old  Army  used  standard  \\'heatstone  apparatus  with 
which  (while  not  printing)  it  was  customary  to  record 
at  greater  speeds  than  the  180  words  a  minute  he 
refers  to  ? 

I  wish  Mr.  Dolton  had  enlarged  rather  more  on  his 
experience  of  two  years'  work  with  the  system.  Un- 
fortunately 1  have  not  had  opjwrtunity  to  investigate 
thoroughly  the  (German  pattern  of  instrument,  but  so 
far  as  I  am  able  to  give  an  opinion  it  is  that  the  use  of 
the  variable  resistance  (i.e.  the  vibrating  microphone) 
gives  an  even  more  secret  system  and  does  reduce 
adjustment.  I  do  not  think,  however,  that  the 
instrument  would  work  nearly  so  well  over  bad  lines. 
As  regards  the  calling  by  direct  current,  this  h.vs  certain 
obvious  advantages  and  has  been  adopted,  with 
improvements,  in  the  newest  I'ullcrphones.  I  cannot 
agree  that  the  Orman  relay  w,»s  sensitive.  It  was 
a  very  ordinary  cheap  relay,  and  1  believe  from  the 
design  of  the  set  that  the  tiermans  only  used  them 
on  short  lines  of   fairly  good  insulation. 

I  think  Mr.  Meade's  interpretation  of  Fig.  11  is  the 
correct  one.  At  the  same  time  the  average  current 
through  the  receiver  may  be  \cxy  minute  indeed. 
There  can  only  be  current  at  the  moment  of  contact 
of  the  interrupter,  and  the  duration  of  contact  may  well 
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be  only  a  small  fraction  of  the  total  time  of  reception. 
Hence  the  instantaneous  value  of  current  may  be 
relatively  large  while  the  average  current  is  very  small. 
The  chief  object  of  running  the  buzzer  during  trans- 
mission was,  as  the  speaker  suggests,  to  allow  the 
operator  to  hear  his  own  signals  and  so  give  him 
confidence.  His  hearing  them  is  really  no  guarantee 
that  his  signals  are  going  out,  for  he  would  hear  them 
just  the  same  with  no  line  or  earth.  I  am  glad  to  find 
someone  to  say  a  good  word  for  the  potentiometer, 
and  it  is  a  matter  of  regret  that  none  of  those  who 
had  practical  experience  of  the  system  in  the  field 
actuall}'  gave  the  result  to  the  Institution  during  the 
discussion. 


The  statements  referred  to  by  Mr.  Ritter  do  require 
reconciling.  I  admit  that  without  careful  insulation 
between  circuits  there  is  a  liability  to  have  trouble 
from  leakage  when  Morse  sets  and  Fullerphones  work 
in  the  same  office.  What  I  mean  by  saying  that 
Fulftrphones  can  replace  Morse  sets  on  any  hand- 
worked line  is  that,  considering  the  particular  Mne 
as  an  isolated  case,  even  if  it  is  difficult  to  work  with 
Morse  sets  it  can  be  satisfactorily  worked  with 
Fullerphones.  I  do  not  advocate  putting  a  FuUerphone 
circuit  among  a  large  number  of  Morse  circuits  along 
the  same  route.  In  such  a  case  the  insulation  must  be 
good,  and  the  FuUerphone  should  have  a  separate 
(and  inferior)  earth. 
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Contests. 

1.  Introduction.    Relays,  triodcs,  amplifiers. 

2.  Principle  of  the  Valve  kcLiy. 

3.  A  Valve  Relay  for  acoustic  frequencies  (to  be  shown  in 
operation  I. 

4.  Konn  1)1  V.ilve  Relay  for  high-frequency  signals. 

5.  A  Valve  Relay  for  wireless  signals  (lo  he  shown  in 
operation). 

6.  Valve  Relay  for  steady  or  slowly  varying  currents. 

7.  The  sensitivity  and  selectivity  of  the  tuned  high-frequency 
Valve  Relay. 

8.  General  limitations  on  sensitivity  and  speed  of   working. 

9.  Conclusion. 

I.  Introduction.     Relays,    Triodes,    .\mplifiers. 

The  nature  oi  the  instrument  forming  the  subject 
ol  this  paper  will  be  grasped  more  easily  after  a  pre- 
hminary  inquir>-  into  what  precisely  is  signified  by  the 
tenn  relay  as  contrasted  with  the  term  amplifier.  In 
wire  telegraphy  the  relay  pla>-s  a  ver>'  pronunent 
part,  and  the  telegraph  relay  of  to-day,  as  exempli- 
fied by  the  Post  Oflice  standard  polarized  relay,  is  a 
highly  perfected  and  very  familiar  instrument.  Its 
function  is  usually  tliat  of  an  automatic  switch,  whereby 
the  arrival  of  a  relatively  feeble  signal  is  made  to  close 
or  open  the  circuit  of  a  local  battery-  competent  to 
perform  tasks  lor  which  the  power  of  the  incoming 
signal  is  insufficient.  The  local  current  is  started  or 
stopped  by  the  signal  current,  but  is  not  otherwise 
measured  by  it.  There  is  a  threshold  strength  of 
signal,  below  wliich  no  local  efltect  is  produced,  and 
a*  li   an   effect   is   produced   whose   magnitude 

is  .  .<:n\.  of  the  strength  of  the  controlling  signal. 

Ampliticrs,  unlike  relays,  liavc  not  until  recently 
had  a  widespread  use.  Perhaps  the  Hcurtley  hot  wire 
and  the  Brown  microphonic  contact  in.struments  arc 
the  best  known.  I3ut  with  the  introduction  a  few 
yean  Ijcfore  the  war  of  the  throe-electrode  thermionic 
tube  i  '  ■  st,  Lict)en-Rcisz),  and  especially  with 
the    »  introduction    of    tubes    depending    on 

J,'  iiuir)  and  various  ingenious 

11, ■  V  evolved  by  the  I-'rench), 

«•;  Iv    a.ssumcd    immense 

ii(,_  ■    i  ">'    •*'"'    •'■'•^    destined 

in  the  near  future  to  find  the  most  widespread  applica- 
tion I"  '^ " ^'  of  the  restricted  popular  knowledge 
of    an  by    use   of    the    so-called    valves — or 

"  •  1   .  .    .1  p   icnu   recently   suggcMed   by 

I '  some  acquaintance  with  them 

!•.  !  the  particular  device 

t.  .    look  into  the  tnodus 

optratidt   ul    tiic   <iUiphlyin((    tiiudc    (without    touching 


the   ulterior   physics   of   the  subject),   and   distinguish 
it  from  that  of  a  relay  as  defined  above. 

Fig.  I  shows  a  triode  of  a  pattern  produced  by  the 
French  early  in  the  war  at  the  "  Telegraphic  Mihtaire." 
Here  F  is  the  "  filament,"  a  tungsten  wire  brightly 
incandescent  ;  G  is  the  "  grid,"  an  open  helix  of  nickel 
wire  concentric  with  the  filament ;  and  A  is  the 
"  anode,"  an  outer  concentric  cylinder  of  nickel.  These- 
are  supported  in  a  glass  bulb  exhausted  to  the  best 
obtainable  vacuum,  or  at  least  much  better  than  that  of 
the  ordinary    electric    lamp.     Triodes    of    this  pattern 


con.nectlou 
pins 


Kio.  I.     .\  loininon  p.itlern  of  triode. 


were  designed  to  be  fairly  well  suited  to  a  great  variety 
of  uses  ;  and  the  consumption  of  them  by  the  French 
:ind  Hritisli  during  the  war  must  have  run  into  a  good 
many  hundreds  of   thousands. 

If  the  anode  is  maintained  at  a  fixed  potential  v^ 
above  the  negative  end  of  the  filament  (as  by  short- 
circuiting  the  resistance  R  in  Fig.  i),  and  the  potential 
Vf  of  the  grid  is  varied,  the  anode  current  i,  is  found 
to  vary  as  shown  by  the  curves  in  Fig.  2,  each  of 
which  refers  to  a  difTcrent  constant  value  of  t',.  Over 
the  sleep  straight  i)art8  of  the  curves  we  have  large 
changes    of    anode    current    in    a    high-voltage    circuit 
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produced   by   small  changes   of  potential   of  the   grid. 
The  relation  is  a  linear  one  expressible  as  : — 

Increment  of  anode  current  equals  a  constant  g 
times  the  increment  of  grid  potential  producing 
it  ;    or 

3-  ■  c  .',  =  g  (c  -.,). 

Inspection  of  the  curves  shows  further  that  an  increment 
of    anode    potential    also    produces    an    approximately 


-10 


o  10  20  30 

Grid  potential  v^  in  volts 

Fig.  2. — Triode  characteristics. 
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proportional  increment  of  anode  current,  the  relation 
being  similarly  expressible  as 

<---  •  C  Wa  =  fl  (e  Va). 

0     i(J 

Hence  we  maj'  write 

cia=  g  (c  I'g)   +  a(c  fa). 
Now  in  the  circuits  of  Fig.   2  a  rise  of  anode  current 
produces  a  fall  of  anode  potential  equal  to  the  ohmic 
drop  in  the  resistance  R  ;    so  that 

cVa=   —  R  (0  ia) 

=  -  B.g(cvg)  -'Ra(cva) 

IVa Rg 

■'■  cVg  I  +  Ra 

As  R  is  increased  so  as  to  become  ver^-  large  compared 
with  the  smode  resistance  i/a,  this  amplification  ratio 
approximates  to  gia.  In  the  pattern  of  triode  we 
are  considering, 

g  =  0'3  milliampere  per  volt, 
a  =  0-04  milliampere  per  volt 

approximately,  so  that  amplifications  up  to  8  may  be 
obtained. 


Such  a  de\-ice  has  sometimes  been  designated  a 
thermionic  relay,  but  this  is  an  undesirable  use  of  the 
term  relay,  for  there  is  a  \-ery  clear  distinction  between 
its  performance  and  that  of  a  relay  as  akeady  described. 
Here  there  is  no  tlireshold  effect,  the  smallest  incoming 
signal  producing  some  change  in  the  local  circuit  ; 
and  the  local  circuit  effect  is  a  magnified  copy,  more 
or  less  true  to  scale,  of  the  incoming  signal.  The 
distinction  between  relay  and  amplifier  is  a  useful  one, 
and  should  not  be  allowed  to  disappear. 

2.  Principle  of  the  Valve  Relay. 

Various  methods  of  grouping  several  triodes,  each 
functioning  more  or  less  in  the  manner  described  above, 
have  been  evolved,  and  amplifiers  suitable  for  frequencies 
ranging  from  units  to  miUions  of  periods  per  second 
have  been  constructed.  They  stand  out  from  the 
earlier  amplifiers,  in  which  the  velocities  of  molar 
masses  instead  of  electrons  must  be  controlled  by  the 


Fig.  3. — Self-oscillating  triode  system. 

signal,  in  the  smaliness  of  the  input  powers  wliich  can 
usefully  be  dealt  with. 

The  Oscillatory  Valve  Relay  is  a  relay,  not  an 
amplifier ;  but  it  depends  on  a  triode  as  the  link 
between  the  "  in  "  and  the  "  out  "  circuits,  and 
consequenth'  shares  with  modem  amplifiers  something 
of  their  extraordinary'  sensitivit}',  robustness,  and 
flexibiUty  as  to  frequency  of   operative  signal  current. 

In  the  Hght  of  the  elementary'  theory  already  set 
forth  (Fig.  2),  let  us  consider  the  circuits  shown  in 
Fig.  3.  It  is  easy  to  see  in  a  rough  fashion  without 
resort  to  accurate  analysis,  that  under  suitable  condi- 
tions such  a  s}-stem  becomes  self-oscillator\',  drawing 
the  necessarj-  energ\'  from  the  batterj'  B^  in  the  anode 
circuit.  For  suppose  the  circuit  Lj  Cj  is  set  into  its 
free  oscillation,  however  feebly,  such  that  approximately 

^  =  2,T/i  =   l/V(LiCx). 

Then  if  Rj  is  small  compared  with  p  Lj,  and  if  ^  Lj 
and  R2  are  small  compared  with  the  anode  resistance 
i/a,  there  is  a  quadrature  electromotive  force  p  Lj  i-^ 
in  the  grid  circuit  producing  in  the  anode  circuit  an 
alternating  current  gpl^i  t'l  also  in  quadrature  with  tj. 
With     mutual    inductance     IM     (of     the     right     sense) 
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between  the  two  coils,  there  is  induced  in  the  grid 
coil  an  in-phase  electromotive  force  M^p'L,  i,.  If 
this  is  equal  to  the  ene^g^•-consu^ung  constituent 
R,  I,  of  the  electromotive  force  in  the  L,  C,  circuit, 
energ>-  losses  are  just  compensated  and  the  oscillation 
persists  unchanged  in  amplitude.     The  critical  condition 


/ 

u 

^S*^'— 

T               #»     J 

K 

/i 

U     S     potentul 

tin    'i 
Klii.  4. — Inception  of  oscillalioii  in  Valve  Relay. 

for  an  infinitesimal  oscillation,   when  once  started,   to 
persist  unchanged  is  thus 

M^/)»L, ..  =R,  I, 
R  R,  C, 

i  = 


M/>'L, 


M 


Tp  Sig-nal 


Kio.  5.— Circuit*  of  Valve  Relay  fur  tow-frequency  signals. 


up  til  an  equilibrium  value  at  which  the  losses  in  tlic 

arc  cjual   to  the  power  supplied    from 

n   battery   H,. 

Suj.j- ■..■   in    I-ig.    3    the   grid    potential   is   gradually 

it)i  rr-.iiC'J   from  a  low  value  by  moving   the  slider  on 

the  gnd   battery    11,   towards  the  left.     The   value  of 

the  parameter  g,  which  is  the  slope  of  the  curve  at  the 

re]>rc*enUtivo  point  (Fig.  4),  gradually  increases  until 

it  reaches  the  critical  value  R,  C,/M.      Let  OQ  be  the 

<ntical  gnd  potential.     At  this  point  oscillation  sett  in, 

and  U  built  up  to  some  tuch  amplitude  as  Q  R,  Q  S,  the 


I  f  f  is  less  than  this  critical  value,  a^  small  oscillation 
cannot  be  self-sustaining  ;  if  g  exceeds  the  critical  value, 
any  oscillation,  however  small,  will  increase  in  amplitude 


anode  current  changing  suddenly  from  the  steady  \'alue 
O  T  to  a  pulsating  current  of  mean  value  O  U.  The 
oscillation  once  set  up  jicrsists,  e\'en  though  the  mean 
grid  ]X)tential  be  reduced  much  below  the  threshold  OQ. 
Fig.  5*  is  an  extension  of  Fig.  3  showing  how  such 
an  arrangement  may  be  utilized  as  a  self-restoring  relay 
adapted  to  be  operated  by  signal  currents  of  frequencies 
of  the  order  of  hundreds  or  thousands  of  periods  per 
second.  The  grid  potential  is  finely  adjustable  on  the 
potentiometer  F  ;  and  when  it  is  set  a  small  amount, 
called  the  "  margin,"  below  the  critical  value,  called 
the  "  threshold,"  any  signal  applied  to  the  transformer 
Tp  Tj  producing  in  T,  a  nioracntarj-  electromotive  force 
of  tlie  right  sense  and  exceeding  the  margin  in  amplitude, 
sets  the  system  into  oscillation.  The  accompanjnng  rise 
of  current  in  the  coils  of  the  electro-mechanical  relay 
E.M.R.  (ordinarj'  telegraph  relay)  pulls  over  the  tongue 
T,  short-circuits  the  anode  reaction  coil,  and  thereby 
quenches   the  oscillation,   wliich  is  thereupon  only  re- 


ao4 


-5  o 

Grid  potentlAl    ij 

KlG.  6.— Method  of  choosing  threshold  potential. 

((enlargement  of  middle  curve  of  Fig.  2  with  two  derived 
cur\es.) 


ignited  on  the  arri\al  o(  another  signal  in  tlie  transformer 
primary  T^.  The  opening  of  tlie  contact  between  T 
and  S  may  be  usc>d  to  control  any  indicating  or  other 
relaying  apparatus. 

As  long  as  tlie  grid  potential  remains  abo\'e  the 
threshold,  whether  by  appropriate  setting  of  th<^  poten- 
tiometer or  by  a  sustained  irtcoming  signal,  the  tongue 
T  will  chatter  against  the  marking  contact  M.  To 
ensure  a  steady  clean  break  at  S,  it  is  convenient  to 
arrange,  by  a  suitable  shunt  across  Ihc  magneto  or 
otherwise,  that  the  tongue  while  chattering  against  M 
docs  not  travel  far  enough  to  touch  S. 

In  the  form  of  \'alve  Relay  sketched  in  Fig.  5  we  are 
not  intcrestc<l  in  the  frequency  of  the  oscillation  ;  wc 
arc  ciincerned  merely  to  arrange  that  tlic  incidence  of 
oscillation    shall    l>e    niarke<l    by    a    conveniently    large 


*   In    thlt   tin<l    tofii' 
niHWiBry  iitcn'lT  at  *t 
on*    acru«tmnra    to    It. 
Mlii|tU6r«  (h«  <lia(t«ni> 


UMHiirtiral  fliaciaiiii,  c«rtaio  cnh<l«ii«m 
(rf^iirit.  y  (urnmlii  An<l  fi!>vioiw  to  »ny- 
W[>[k,  aio  not  ■tiown,  at   their    omhltno 
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rise  of  mean  anode  current.  For  several  reasons, 
however,  it  is  convenient  to  make  the  frequency  high, 
or  at  least  enormously  greater  than  frequencies  of  the 
order  of  those  of  the  signal  currents.  For  sensitivity 
it  is  ob\-ious  that  the  signal  electromoti\-e  force  pro- 
ducing the  rise  of  grid  potential  above  the  threshold 
should  be  sustained  during  many  periods  of  the 
incipient  oscillation  ;  and  a  relatively  liigh  fi^equency  is 
also  convenient  in  that  the  high-frequenc}'  currents 
can  be  shunted  wholly  awaj'  from  the  transformer  T*  Tj 
so  that  changes  in  the  external  circuit  may  be  without 
effect  on  the  threshold.  In  the  Vah-e  Rela^^  described 
in  the  next  section  the  frequency  is  about  4  :<  10*  periods 
per  second. 

As  already  shown,  the  tlireshold  potential  is  that 
at  which  the  slope  g  of  the  characteristic  (Fig.  4)  is 
g  =  'Rx  Ci/M.     The  triode  and  its  batteries  having  been 


relating  d'^  ijd  Vg  with  v,  is  obtained.  This  derived 
curve  shows  that  the  best  sensitivity  is  obtamed  here 
when  the  threshold  is  made  to  occur  at  —  3^  volts.  But 
no  fine  choice  is  necessary,  a  fair  value  of  d  gjd  Vg 
obtaining  over  the  range  of,  say,  —  5I  to  —  2|  volts.  In 
order  to  get  a  large  ratio  between  mean  anode  currents 
before  and  after  oscillation  has  set  in,  it  is  well  to  choose 
a  tlireshold  rather  further  down  the  foot  of  the  curve. 
Thus  a  suitable  compromise  in  tliis  case  might  be  —  5|- 
volts.  The  mean  anode  current  would  then  jump  from 
o-oS  milhampere  before,  to  perhaps  2  milliamperes  after, 
the  arrival  of  the  operative  signal. 

3.  A  Valve  Relay  for  Acoustic  Frequencies. 

Fig.  7  is  traced  from  a  photograph  of  a  Valve  Relay 
designed  for  signals  of  acoustic  frequencies,  containing 
its  own  grid  and  anode  batteries  and  requiring  exter- 
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Fig.  7. — A  Valve  Relay  for  acoustic  frequencies. 


selected,  we  are  still  able  to  determine  the  critical 
value  of  g  by  suitable  choice  of  Ri,  Ci  and  M,  and  the 
question  presents  itself  of  what  is  the  most  propitious 
region  of  the  characteristic  at  which  to  work.  From 
the  explanation  accompanying  Fig.  4,  it  is  clear  that  a 
large  rise  of  anode  current  at  oscillation  is  obtained 
only  if  the  threshold  P  is  well  down  to  the  foot  of  the 
concave  portion.  It  is  possible,  however,  to  go  too  far 
down.  Since  the  inception  of  oscillation  is  brought 
about  by  increase  of  slope  g  at  the  representative  point, 
and  since  the  increase  of  slope  is  effected  by  rise  of 
grid  potential,  the  best  combination  of  sensiti\-ity  and 
stabilitj'  is  obtained  when  the  slope  varies  most  rapidly 
with  the  potential.     We  want 

dg       d^ia 


dv. 


d  V- 


to  be  large.     In   Fig.   6  the   foot  of  one  of  the  three 
«urves  of  Fig.  2  is  enlarged,  and  its  second  derivative 


nally  only  a  4-\'olt  battery  for  the  filament.  Its  con- 
nections and  working  instructions  are  shown  in  Fig. 
8.  It  is  provided  \vith  a  small  electric  lamp  as  an 
indicator,  together  with  a  change-over  switch  allowing 
any  external  apparatus  to  be  substituted  for  the  lamp. 
It  was  designed  to  replace  the  ordinary  telephones  used 
to  read  Morse  signals  from  a  wireless  receiver,  or  over 
the  wire  of  an  ordinary  buzzer  field  telegraph  set.  It 
may  of  course  be  used  after  an  interposed  amplifier, 
but  without  any  amplifier  it  is  sufficiently  sensitive  to 
respond  to  signals  only  strong  enough  for  comfortable 
commercial  work,  such  as  are  said  in  Army  notation  to 
be  of  strength  "  R7." 

This  Valve  Relay  is  on  the  table,  and  can  be  con- 
nected to  a  source  of  alternating  current  of  about  800 
periods  per  second  and  of  controllable  strength.  By 
switching  the  signals  from  appropriate  telephones  to 
the  'V'alve  Relay,  those  who  wish  will  be  able  to  judge 
of  the  sensitivity  for  themselves.     A  more  spectacular 
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•'<»rauon  o(  the  »nia!lnoss  of  the  energy  required       the  signal  current  bears  no  relation  to  tlie  frequency 

relay  is  •  by  connecting  an  ordinar>-      of  the  oscillation  set  up.     Such  a  type  is  well  adapted 

I-,    with    •  cr   and    ;-ccU   batter>-.    as       to  acoustic   frftqucncics,  because  it   is  feasible  to  build 
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KiG.  8. — A  Valve  Relay  for  acoustic  frequencies. 

I N-STRCCTIONS. 

.;it.l  t'-  ;..ke   thf   :  liLC  .l  hii:';  rc^i^l.tnct    ^^^  :it>  .  I';  :\^n  ^  :  •   i  coc  if    in  -a  tn.  1;  ^!i(  -pt'i  ..f  v:f  n.ils  .  v.  i  rdv   ■  R-        ^if^nals 

\TOK. 

Klitt. 
„     .-        .  t,      -„-...    t     .  ,    u-.-c; ^  ihcn 


4-  Li:^ui.  i.kt  i.J   thrcf> 
pa  battery  u  ocfUiiiMc  .  of 


i  rrlay  ihould  not  be  too  Ught.    Fixed  contact!  ahould  b«  only  ilighUy  open,  but  enough  to  prcreni  lamp  from  fllckeiinK 

ndlcata  batterin  runnlnc  down— probably  accumuUtnr.  which  U  tested  by  preying  button.    DiKharge  of 
i»  al-<out  1  m  A  or  0  1  m  A  according  ai  relay  lunguc  is  or  is  not  chattering. 


the  source  of  signals.  The  microphone  is  provided  with 
a  smalt  trumpet,  and  the  relay  will  respond  to  a  clap 
of  the  hands  or  a  shout  in  any  part  of  tin:  lecture  theatre. 

Telephone  enginrcrs  will  l)c  able  to  form  an  estimate 
of  the  power  of  the  steady  incoming  signal  suflicing  to 
operate  tliis  instrument.  It  is  of  the  order  of  iq— ' 
watts.  Telegraph  engineers,  on  the  other  hand,  are  aware 
that  an  ordinary  Post  Office  telegraph  relay,  of  the 
t>-pe  which  is  embodied  in  this  instrument  and  is  con- 
tr'llcd  bv  the  anode  current  of  the  oscillating  valve, 
''  ■  ■  ,.  pjjwcr  of  at  least  5  :■:  lo^J  watts 

'  oven  at  low  spoeds.     So  that  there 

•*  *  1'  up   of  at    least  5  >;  10'  times.      Nor  is 

there  .     ;  to  restrict  the  power  controlled  in  the 

an'Kle  arcuit  to  «uch  a  small  value. 

A»  to  robustness,  the  war  has  proved  the  high-vacuum 
ifirxle  to  \>e  an  instrument  adapted  for  unskilled  use 
'■■  "  -  '  '  '  '  '  ••'  And  the  only  adjustment  in  this 
'■  fa  jKjtcntiomctcr  to  regulate  the 

P'  tcntiaJ  (.1  tlic  (iiiJ  to  a  tenth  of  a  volt  or  so. 

4    Form  or  Valve  Relav  for  HiGH-rREQCENCY 

The  relay  wc  ha%-c  examined  may  l>c  said  to  be  of 
•periodic  or  non-tuned  type  in   that  the  frequency  of 


for  such  frequencies  quasi-aperiodic  transformers  capable 
of  producing  on  the  grid  (whose    impedance  is  sensibly 
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Kio.  9. — Circuits  i>(  Valve  Ktlay  fur  Itiglifrcqucncy  tignalti. 

infinite  at  such  frequencies)  a  large  rise  of  potential 
with  an  expenditure  of  only  minute  power.  If  tlie 
aperiodic  iron-cored  transformer  is  replaced  by  suitable 
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Fig.  II. — .A.  Valve  Relav  for  wireless  signals. 
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1.  This  Valve  Relay  is  suitable  for  C.W.  or  spark  signals  of  about  r. 300-3,200  metres  wave-length. 

2.  When  tuning  up,  set  switch  to  Phones;  raise  ,qrid  potential  (by  switch  and  poteDtiometer)  enough  to  cause  Valve  II  to  generate;  and  tune 
in  for  signals  in  phones,  making  final  adjustment  of  antenna  condenser  with  loose  coupling. 

3.  Switch  over  to  Relay  ;  tighten  coupling  ;  and  reduce  grid  potential  until  relay  just  ceases  to  chatter.    Readjust  coupled  circuit  condenser  (very 
slightly  only),  and  grid  potential. 

4.  Minimize  jamming  by  having  loose  coupling. 

5.  Change  of  coupling,  but  not  of  grid  potential,  may  necessitate  slight  readjustment  of  closed  circuit  condenser  ;  but  not  of  antenna  condenser. 
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tuned  high-frequency  circuits  whose  frequency  is,  how- 
ever,  still  mucli  below  that  of  tlie  oscillation  generated 
in  the  relay,  a  relay  of  like  scnsitivitj-,  but  for  high- 
frequency  instead  of  acoustic-frequency  signals,  can  be 
constructed.  Such  a  relay  for  «-ireless  signals  is  sketched 
in  Fig.  9. 

Hut  where  liigh-frc<}uency  currents  such  as  those 
of  uiruless  telegraphy  are  required  to  operate  the  relay, 
j)articularly  if  these  are  undamped  or  "  continuous 
wave."  an  immense  advantage  accrues  from  tuning  the 
oscillation-generating  circuits  of  the  relay  to  the  fre- 
quency of  the  operative  signals.  Sensiti\Tty  is  greatly 
enhanced,  and  there  is  added  the  possibility-  of  an  exalted 
selectiNit\'  as  between  signals  nf  unequal  frequencies  and 
between  signals  of  the  same  frequency  but  unequal  decre- 
ment (sec  Section  7).  The  Xj  circuit  of  Fig.  9  is  then 
conveniently  omitted,  the  X,  and  X3  circuits  are  coupled 
together,  and  Xj  is  made  equal  to  the  wave-length  X, 
of  the  antenna  and  tlie  incoming  signal.  To  prevent  ' 
tlie  antenna  being  set  into  xiolent  oscillation  by  the 
relay  (as  well  as  to  obtain  additional  sensitivitj'),  one   , 


To 
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Klo.  13. — Inlcrqucnching  circuits  for  double  Wilvc  Kclays. 


C.W.*  and  spark  signals  (dealt  with  theoretically  in 
Section  7)  observable  with  this  simple  instrument  is 
very  striking.  Thus  a  spark  station  of  nearly  the 
same  wave-length  as  a  desired  C.W.  station,  and  strong 
enough  to  jam  the  latter  hopelessly  as  an  autolieterod\nie 
receiver,  can  be  made  innocuous  for  reception  on  the 
\'alve  Relay. 

The  instrument  on  the  table  is  connected  to  an  antenna 
on  the  roof  of  this  building,  and  is  shown  recording  the 
Morse  signals  ABC  ABC  from  a  small  C.W.  transmitter 
on  Woolwich  Common.  .\  change-over  switch  allows 
a  hooter  to  be  substituted  for  the  Wheatstone  receiver, 
so  that  the  signals  may  be  read  by  all  present. 

6.  X'alve  Relay  for  Steady  or  Slowly  Varying 
Currents. 

In  the  two  forms  of  X'alve  Relay  already  described, 
the  signal  current  was  alternating  or  intermittent  and' 
produced  the  requisite  rise  of  grid  potential  by  the 
simple   mediation   of  some   form  of   transformer.     For 

IndicdtiTig 
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00 
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or  more  amphfynng  triodes  may  be  interposed  between   ' 
antenna  and  relay.  I 

It  should  be  noticed  that  the  high-frequency  Valve 
Relay,  unlike  other  wireless  receivers,  embodies  neither 
heterodyne  nor  recti  Qer. 

5.  .\  Valve  Relay  for  Wireless  Signals.  ' 

A  valve   relay  receiver  designed  for  wave-lengths  of 
1,500-3,000  metres,  containing  its  own  grid  and  anode   { 
batteries,  and  comprising  one  high-frequency  amplif\-ing   ' 
tn'xle,  is  shown  in  Fig.  10.  which  i.s  traced  from  a  photo- 
graph     V\f,     If    shows   thi-   complete   connections  and 
I':  -i.ition  of  the  instrument. 

\    movement  of  a  switch,  con- 
vcrlf'l    iiii'i   .111   ordinary  aiitohctcnxlyne    receiver,  and 
u  uwl  a.-.  imlIi   when   tuning  up  to  a  continuous-wave   , 
signal,  ihc  final  tuning  liciiig  to  the  "  silent  space,"  i.e.    I 
to  zero  beat  frequency.     f>n  then  switching  over  from   ' 
"  phooes  "  to  "  relay."  and  adjusting  the  i>otcntiomctcr 
to  a  potential  just  Ixlow  the  threshold,  wc  arc  left  with 
a  circuit  exactly  tunol  to  the  incoming  signal  and  of 
nearly    zero    decrement      llic    rliKcriminatmn    Iwtwecn 


the  relaying  of  slowly  changing  currents  such  as  those 
from  telegraph  cables,  the  current  and  not  its  rate  of 
change  must  be  made  to  affect  the  relay.  Tliis  is  easily 
accomplished,  with  striking  sensitiv-ity,  by  placing  an 
inductance  of  suitably  large  time-constant  in  the  circuit, 
accumulating  energy  therein  as  long  as  the  conditions 
]>ermit,  and  then  causing  the  current  to  change  rapidly,  as 
by  breaking  the  circuit  of  the  inductance,  thus  producing 
momentarily  a  large  potential  difference  across  the 
inductance.  This  momentary  potential  difference  is 
applied  directly,  or  through  a  step-up  transformer,  to 
the  grid  of  tlie  \'al\-e  Relay.  Thus  in  Fig.  1 3  the  incoming 
current  from  a  cable  charges  condenser  C.  The  switch 
tongue  I'  of  tlie  automatic  switch  P  Q  R  alternately 
dwells  on  contacts  Q  and  R.  During  the  Q  contact  a 
current  from  the  cable  and  condenser  C  grows  in  T^, 
storing  in  the  tran.sfonner  energy-  |  L  i '.  When  P  leaves 
Q  this  current  rapidly  falls  to  nothing,  producing  a 
change  of  grid  potential  M  (d  i/dl),  where  M  is  llio  mutual 
inductance  between  T^  and  T„  and  (d  i  d  I)  is  tlie  greatest 
rate  of  fall  of  current  in  T^.      This  trips  the  relay,  which 

*  C.W.  it  >n  ablTTt-iXioD  lor  Oatuiuout  W>vc. 
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is  subsequently  quenched  by  contact  between  P  and 
R  or   by  other  means. 

By  arranging  that  the  greatest  rate  of  rise  of  current 
in  T^  during  "  make  "  is  considerably  less  than  the 
greatest  rate  of  fall  during  "  break,"  and  by  preventing 
much  or  any  reversal  of  current  wliile  the  energy  J-  L  i- 
is  being  dissipated,  the  sensitivities  to  positive  and 
negative  currents  may  be  mads  very  unequal,  and  two 
such  relays  may  be  associated  for  double-current 
working. 

In  a  trial  with  a  certain  transformer  T^  Ts  (Fig.  13), 
it  was  found  possible  to  trip  the  relay  reliably  by  breaking 
4  microamperes  in  a  primary  of  about  i  henry.  The 
-energy  J  L  /-  available  for  tripping  the  relay  was  thus 
.8  X  io~'=  watt-seconds.  Experiments  on  tripping  a 
Post  Office  standard  polarized  relay  in  a  similar  manner 


7.  The  Sensitivity  and  Selectivity  of  the  Tuned 
High-frequency  Valve  Relay. 

The  superiority  in  the  matter  of  sensitivity  and 
selecti\-ity  of  the  tuned  arrangement,  referred  to  in 
Sections  4  and  5,  is  readily  analysed.  It  is  well  known, 
and  is  impUed  in  what  has  been  said  in  Section  2,  that  a 
chief  effect  of  reaction  between  the  grid  and  anode 
circuits  of  a  triode  is  to  reduce  the  resistance  of  the 
system.  Thus  in  Fig.  3,  owing  to  the  mutual  inductance 
M  between  the  two  cods,  the  oscillatory  resistance  is 
reduced  from  Rj  to 


Ri 


Since    the    setting    of    the    relay    consists    precisely    in 
increasing  g  as  far  as  considerations  of  constancj-  and 


XnteTrupter  hoaxd 


VAlve     relay   looaxd 
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Fig.  14. — .-V  Valve  Relay  bench  set  for  double-current  Morse.      (With  two  preliminary  amplifications.) 


show  that  for  this  relay  a  corresponding  energy  of  at 
least  5  X  io~5  watt-seconds  (i  milhampere  in  over  100 
henries)  is  necessan,-,  i.e.  over  a  million  times  as  much 
for  the  Valve  Relay. 

The  Valve  Relay  in  this  form  must,  it  is  thought,  be 
adaptable  to  submarine  cable  working  ;  but  this  is  not 
an  easy  problem  and  only  preli:iiinarv  trials  have  so  far 
been  made.  Fig.  14  shows  the  connections  of  a  bench 
set  for  double-current  working.  There  are  two  chains 
of  three  valves,  responding  respectively  to  positive 
and  negative  line  currents,  each  chain  comprising  two 
amphfj'ing  valves  between  line  and  the  Valve  Relay 
proper.  The  interquenching  system  subsequently 
described  in  Section  S  is  embodied.  In  a  laboratory 
test  this  set  recorded  on  a  \Mieatstone  receiver  at  45 
words  per  minute  with  a  sending  electromotive  force 
of  only  +  1/200  volt,  and  a  key-down  current  of 
I   microampere. 


rapid  quenching  will  allow  towards  the  critical  value  at 
which  the  second  term  in  this  expression  becomes  equal 
to  the  first,  the  net  resistance  is  very  small  indeed. 
In  practice,  when  using  a  triode  as  in  Fig.  6,  it  is  found 
feasible  to  work  with  a  margin  of  about  005  volt.  If 
the  threshold  is  at  — 5-5  volts,  examination  of  the  curves 
shows  that  the  slope  falls  by  about  2  per  cent  on  passing 
from  the  threshold  to  a  potential  005  volt  below.  That 
is  to  say,  the  log.  dec.  r,  of  the  oscillatorv'  circuit  is 
reduced  by  the  reaction  to  about  2  per  cent  of  its  inherent 
value.  The  sensitivity  to  accurately  sjTitonized  con- 
tinuous-wa\-e  signals  of  the  tuned  arrangement  is  thus 
50  times  greater  than  that  of  the  aperiodic  arrangement 
of  Fig.   9. 

The  selecti\'ity  as  between  continuous  wave  and 
spark  is  accounted  for  as  follows.  A  signal  consisting 
of  a  damped  harmonic  wave-train  of  decrement  fj  in 
syntony  with  the  relay  circuit  builds  up  in  this  circuit 
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an  ofcillation  of  which  the  maximnm  amphtude  attained 
IS  ■  nal  to  the  initial  o  of   the  dri\-ing 

f-  '-e    force    of    the  ,    signal,    and    to 

the  decrements  function 


LiX)" 


■  *,i' 


Since  by  the  action  of  setting  the  grid  potential  of 
the  \'al\e  Relay  c ;  is  made  very  small,  as  we  pass  from 
the  relatively  \er\-  l,-»rgc  !.  of  a  spark  signal  to  the 
zero  c,    of    a  I  ■  ■_•   signal,    this   sensiti\-ity 

factor  changes  .,  from 


to  1  r..  That  is,  for  equal  peak  \alues  of  signal  electro- 
motive force  in  the  receiving  antenna,  the  peak  potential 
nsc  on  the  grid  from  a  continuous-wave  signal  is  tj/r, 
times  what  it  is  from  a  spark  signal.  In  practice  this 
ratio  o/<  J  might  assume  some  such  value  as  o-o6  -=-  (2 
per  cent  of  o-oo6)  =  500. 

'oT  500  in  favour  of  continuous  wave  is  of 
I  -t  by  tlie  larger  ptcak  amplitude  of  the  spark 

signal,  i-or  equal  mean  powers  radiated,  it  is  easy 
to  calculate  the  ratio  between  spark  peak  amplitude 
and  continuous-wave  amphtude  for  any  particular  case.t 
Thus  if  the  wave-length  is  3,000  metres,  the  spark 
decrement  i,  =  o-o6,  and  tlie  spark  frequency  600,  the 
spark  amplitude  is  10  times  the  continuous-wave 
amplitude.     We  are  thus  left  with  the  figure  500  -^  10 

•i\-ing  the  preference  of  the  Valve  Relay  for 
^'  -  wave  over  spark  signals  of  equal  power. 

8.  General  Limitations  on  Sensitivity  and  Speed 
OF  Working. 

Since  the  incoming  signal  is  applied  to  a  grid  wliich 
is  at  a  potential  cr.nsiderably  below  that  of  the  negative 
end  of  the  filament  and  wliich  consequently  offers 
infinite  resistance  to  the  flow  of  current,  tlie  Valve 
Relay,  unlike  evcrj-  form  of  mechanical  relay,  requires 
in  theory  no  expenditure  of  energy  to  make  it  trip. 
The  operative  change  of  grid  potential  involves  no 
doing  of  \v  :■'-  tlie  grid  corresponding  to  the  useful 
work    (;is  ',ed   from   the  heating  of  the  coils) 

"  '1  by  the  signal  in  an  ordinary- 

'•  .St  as  it  is  in  practice  impossible 

^J   fi  iy   the    resistance   of   the   windings 

ot  01)  •  •  and  maintain  magnetization  with- 

out expenditure  of  power,  so  it  is  impossible  to  build 
wattlcvi  transformers  or  oscillatory  circuits  to  produce 
the  magnified  wattless  electromotive  force  applied  to 
the  grid  of  the  N'alvc  Relay.  The  sensitivity  depends 
finally  on  the  decree  ul  iM-rfpction  which  it  is  practicable 

•'(  reach  in  the  construction 
<  Teletriphle,*'  jod  oJ.,p.  104.  The 
-two 
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of  such  would-be  wattless  circuits.  For  example,  in 
the  Valve  Relay  shown  in  Fig,  -,  the  signal  transformer 
has  a  secondarj-  winding  of  16,000  turns  of  S.W.G. 
47  S.S.C.  copper  wire.  The  self-capacitj*  of  tliis  winding 
at  acoustic  frequencies  is  in  tlie  neighbourhood  of 
50  micro-microfarads,  and  thus  shunts  the  grid  by  a 
path  of  relatively  ver\-  sntall  imp:ilance.  If  we  could 
wind  a  secondan.-  of  larger  induct.ince  and  smaller 
self-capacity,  for  example  by  using  much  finer  wire, 
we  should  increase  the  sensitivity  of  the  instrument. 
The  sensitivity  is  also  inversely  proptirtional  to  the 
margin  to  which  the  \'alve  Relay  is  adjusted.  If  the 
triode  and  its  batteries  were  so  constant  that  we  could 
safely  set  the  gnd  potential  only  0-005  ^'"'t  below  the 
threshold  instead  of  the  more  practical  amount  0-05  volt, 
the  strength  of  the  lintitingly  weak  operative  signal 
would  be  divided  by  10. 

There  is,  however,  a  more  appreciable  effect  tlian 
inconstancy  forbidding  the  indefinite  reduction  of 
the  margin.  When  the  relay  has  been  tripped  and  the 
oscillation  started,  it  has  to  be  reset  by  quencliing  the 
oscillation  and  allowing  the  currents  in  the  anode  and 
grid  circuits  to  die  down  to  their  non-oscillatory  values 
(small  and  zero  respectively).  This  is,  of  course,  an 
asymptotic  process  never  fully  completed  ;  and  if  the 
rate  of  fall  of  current  is  still  appreciable  when  the 
quenching  contact  is  re-opened,  there  is  an  extra 
potential  on  anode  or  grid  or  botli  tending  to  re-ignite 
the  oscillation.  The  longer  the  duration  of  quenching 
contact,  the  smaller  the  re-igniting  potentials  will  be  ; 
but,  whatever  they  are,  they  must  be  pro\nded  for  by 
a  margin  sufficiently  wide  to  make  tlicm  inadequate 
to  trip  the  relay  afresh. 

In  contemplating  the  possibilities  of  the  Valve  Relay 
for  high-speed  telegraph  work,  we  are  faced  therefore, 
as  in  all  other  relays,  with  a  compromise  between 
augmented  speed  and  reduced  sensiUvitv'  ;  but  with 
this  difference,  that  as  the  speed  is  increased  there 
comes  a  time  when  the  other  relays  fail  to  "  mark," 
whereas  here  the  relay  would  mark  but  would  fail  to 
"  space  "  between  the  signals.  For  lugh-spee<l  work, 
the  acoustic  Valve  Relay  of  Fig.  7  is,  as  it  stands,  un- 
suitable. The  tongue  of  the  mechanical  relay  must 
quench  at  least  several  times  during  a  Morse  dot,  and 
in  this  instrument  its  speed  is  insufficient  for  sif^alling 
at  more  than  alKait  20  words  per  minute.  The  slow- 
ness is  due  to  the  fact  that  during  oscillation  a  consider- 
able mean  grid  current  (about  0-2  milliamperc)  is  built 
up  in  the  secondary  of  the  signal  tr.insfonner  which 
is  of  large  inductance  (some  50  henries).  By  using  a 
triode  witli  coarser  grid  and  liigher  anode  potcnlial, 
this  grid  current  can,  however,  be  wholly  suppressed. 
In  the  high-frequency  form  of  relay  (Section  5),  grid 
current  is  harmless,  since  there  is  no  large  inductance 
in  the  grid  circuit.  The  aiiodo  current  in  the  magnets 
of  the  mechanical  relay  is  then  the  limiting  factor. 
The  wireless  Valve  Relay  of  Fig.  10  is  satisfactory-  up 
i  to  40  or  50  words  per  minute.  For  higher  speeds  it  is 
■  preferable  to  jirovide  for  weaker  oscillation  and  use  an 
externally  operated  quenching  switch,  the  mechanical 
relay  being  rctaine<l  as  an  indicator  only.  The  mechan- 
ical relay  has  then  to  move  over  only  once  per  Morse 
dot,  instead  of  several  times  per  dot. 
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In  the  endeavour  to  reach  really  high  speeds  such  as 
se\-eral  hundred  words  per  minute,  the  limit  must 
ultimately  be  fixed  by  inability  to  quench  fast  enough. 
At  ICO  words  per  minute,  with  5  quenches  per  Morse 
dot,  the  duration  of  quenching  contact  must  be  less 
than  1/400  second.  An  ingenious  arrangement  for 
double-current  (or  two-signal  wireless)  working,  wHch 
a\'oids  the  necessity  of  quenching  more  than  once 
per  IMorse  dot,  has  been  devised  by  Major  Fuller,  R.E., 
and  Lieut.  Lemon,  R.E.,  of  the  Signals  Experimental 
Establishment.  The  principle  is  shown  in  Fig.  12. 
M  and  S  are  the  two  \'ah'e  Relays,  adapted  to  be  tripped 
by  the  marking  and  spacing  signals  respectivel}'.  The 
tongues  are  shown  in  their  positions  of  rest,  the  triodes 
not  oscillating.  At  the  beginning  of  a  marking  signal, 
the  upper  tongue  moves  to  the  left  and  stays  there. 
At  the  beginning  of  the  subsequent  spacing  signal, 
the  lower  tongue  flicks  over  to  the  left,  quenches  M, 
whose  tongue  thereupon  falls  back  to  the  right  ;  this 
quenches  S,  thus  restoring  its  tongue  to  the  right ; 
and  all  is  still  until  another  marking  signal  arrives. 

9.  Conclusion. 

We  ha\"e  seen  that  the  Valve  Relay  is  an  instrument 
of  great  sensitivity,  yet  requiring  no  delicate  handling, 
adaptable  for  operation  by  signal  currents  of  any  form. 
With  the  multi-triode  amplifiers  developed  during  the 
last  3  or  4  years,  it  is  feasible  to  work  under  commercial 
conditions  with  signals  of  much  less  power  than  is 
required  to  trip  a  \^alve  Relay  ;  and  it  is,  in  fact,  probable 
that  this  relay  will  frequently  be  employed  at  the  end 
of  a  chain  of  amplifying  triodes.  It  is  not  claimed, 
therefore,  that  the  new  relay  is  a  receiver  of  imique 
sensiti^^ty.  In  its  low-frequency  form,  indeed,  it  is 
surpassed  in  sensitivity  by  the  beautiful  electro- 
mechanical instruments  of  Heurtley  and  Orling.     But 


it  is  believed  that  no  other  relay  capable  of  being 
manipulated  by  operators  not  highly  skilled,  and  able 
to  withstand  ordinary  conditions  such  as  draught  and 
vibration,    can    approach   its   performance. 

Under  laboratory  conditions  it  is  probable  that  the 
Valve  Relay  need  never  be  indispensable,  at  least  qua 
detector  or  relay  ;  but  situations  are  common  enough 
where  only  the'  simple  and  robust  instrument  can  give 
the  service  demanded,  or  where,  for  example,  the  mere 
battery  consumption  of  a  multi-triode  amplifier  would 
rule  it  out.  A  case  in  point  is  that  of  a  wireless  call 
device  for  the  small  islands  and  lighthouses  lying  a 
few  miles  off  our  coasts — an  urgent  problem  to  which 
a  first  solution  was  given  by  the  author  in  19 15.*  With 
the  aid  of  the  relay  here  described,  a  far  better  solution 
can  now  be  provided. 

In  the  foregoing  pages,  the  function  of  the  Valve 
Relay  has  been  regarded  as  solely  that  of  a  relay.  But 
it  is  a  relay  which  responds  when  the  signal  reaches, 
if  only  for  a  brief  moment,  a  certain  strength,  adjust- 
able by  the  turning  of  a  potentiometer  handle,  and 
expressible  with  precision  as  the  difference  between 
two  voltmeter  readings  of  the  grid  potential.  It  con- 
stitutes, therefore,  a  simple  and  convenient  instrument 
for  measuring  peak  values  of  potential  or  current, 
of  any  frequency  and  wave-form  ;  and,  in  one  such 
particular  application,  may  prove  an  aid  to  precise 
wireless  experimentation  as  a  ready  means  of  measuring 
signal  strength. 

My  thanks  are  due  to  Lt.-Col.  Cusins,  C.M.G.,  R.E., 
Chief  Experimental  Officer  of  the  Signals  Experimental 
Establishment,  for  the  facilities  he  has  kindl}'  afforded 
me  in  preparing  this  paper,  and  for  permission  to  exhibit 
the  several  instruments,  all  of  which  have  been  produced 
at  the  Signals  Experimental  Establishment,  Woolwich. 

♦  Skerries  Lightbouse,  Cemlyn  (Ane:lesey).      See    "Wireless  Call  Devices," 
Institution  of  Post  Office  Electrical  Engineers,  Paper  N.i.  6l. 


Discussion  at  a  Wireless  Sectional  Meeting  of  The  Institution,  30  June,  1919. 


Mr.  A.  A.  C.  Swinton  :  In  my  opinion  the  three- 
electrode  valve  tube  constitutes  one  of  the  most 
wonderful  discoveries  in  physics  which  has  been  made 
in  modern  times,  and  is  the  more  interesting  because 
it  has  eventuated  out  of  research  in  pure  science.  It 
is  not  that  the  single  tube  itself  gives  such  great  ampli- 
fication. Other  forms  of  relay,  for  instance  the  Heurtley 
relay  and  the  Orling  relay,  may  be  more  sensitive,  but 
if  an  attempt  were  made  to  put  a  number  of  these 
in  series,  great  difficulties  and  complications  would 
result,  whereas  with  the  three-electrode  tube  there  is 
really  no  difficulty  in  connecting  almost  any  number  in 
cascade,  thus  getting  the  effect  of  the  one  multiplied  by 
the  other.  I  was  recently  told  at  the  National  Physical 
Laboratory  that  they  had  found  with  the  particular 
tubes  they  were  using  each  tube  gave  an  amplification 
of  18  times.  If  we  use  six  such  tubes,  that  means  an 
amplificition  of  18  to  the  power  of  6,  which  is  about 
33  millions.  A  six-tube  amplifier  is  quite  a  simple 
apparatus,  whereas  if  we  had  six  relays  of  other  types 
in  series  we  should  find  them  very  troublesome.  One 
great  point  is  this,  that  whereas  with  ordinary  relays 
we   get   a   great   deal   of   distortion — even   in   a   single 


relay — when  we  have  a  great  many  of  them,  one  multi- 
plj'ing  the  result  of  the  other,  the  distortion  becomes 
so  great  that  the  arrangement  becomes  impracticable. 
In  these  thermionic  tubes  we  are  dealing  with  something 
which  has  practically  no  inertia  and  no  momentum, 
and  consequently  in  so  far  as  the  tube  itself  is  concerned 
there  is  practically  no  distortion.  I  do  not  say  we  do 
not  get  some  distortion  in  the  instrument,  because 
unfortunately  it  is  usually  necessary  to  use  transformers 
between  the  tubes,  but  what  distortion  we  do  get  is, 
I  think,  chiefly  due  to  the  transformers.  As  an  instance 
of  what  can  be  done,  take  the  wireless  station  at  Paris 
which  at  a  maximum  is  radiating  perhaps  100  kw.  If 
we  assume  that  that  100  kw.  is  being  radiated  ecpially 
in  all  directions,  then  at  a  distance  of  200  miles  in  the 
small  space  of,  say,  a  square  yard  there  is  only  some- 
thing of  the  order  of  0-15  microwatt  available.  The 
amount  of  energy  is  extremely  small,  and  yet  with 
one  of  these  instruments,  and  using  no  large  aerial, 
but  only  a  receiving  coil  consisting  of  20  or  30  turns 
one  yard  in  diameter,  we  can  get  signals  fully  as  loud 
as  those  we  have  just  heard,  and  we  can  easily  work 
recording    instruments.     It  is   really  one    of   the   most 
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marvellous   triumphs   of  science    in   dealing  with   the 
almiist  infinitely  small. 

Mr.  J.  E.  Taylor  :  The  author  makes  a  comparison 
between  the  energ>-  required  to  trip  an  ordinary  Post 
Office  relay  and  tliis  relay,  which.  I  think,  is  not  alto- 
qpther  appropriate.  A  more  appropriate  comparison 
\v.  .iiM  be  the  energy  required  to  trip  another  form  of 
wireless  relay,  which  is  aho  a  trigger  relay — I  refer  to 
the  old-fasluoned  coherer  receiver.  I  think  it  will  be 
found  that  a  great  deal  less  energy  is  required  to  trip 
a  coherer  properly  used  than  to  trip  a  Post  Office  relay, 
although  I  have  no  doubt  whatever  that  the  energy 
required  to  trip  the  relay  described  in  the  paper  is 
very  much  less  than  that  required  for  the  coherer. 
If  the  coherer  receiver  is  used  in  the  right  way,  and  with 
not  more  than  half  a  volt  applieil  to  the  coherer,  it  is 
a  much  more  reliable  instrument  than  many  of  us 
imagine,  although  not  robust  in  the  sense  that  this 
relay  is.  It  is  subject  to  derangement  by  \-ibration 
and  in  many  other  ways  which  a  valve  relay  is  not. 
At  the  same  time,  I  think  the  coherer  still  has  some 
possible  uses  as  a  call  device  under  certain  special 
circumstances.  Its  main  weakness  was  that  it  was 
atiected  very  much  by  X's  and  stray  signals.  I  should 
like  to  know  whether  the  author's  relay  is  immune 
to  an  apprecialily  gri'atcr  extent. 

Professor  E.  W.  Marchant  :  I  should  like  to  say 
a  lew  words,  first  of  all  in  regard  to  what  Mr.  Swinton 
has  said.  It  has  been  one  of  my  greatest  difficulties 
during  the  past  few  years  to  emphasize  the  importance 
of  technical  research,  as  distinct  from  research  in  pure 
science  Mr.  Swinton  h.is  pointed  out  how  the  scien- 
tific di.-NCovery  of  the  unilateral  conductivity  of  a 
vacuous  space  (in  connection  with  which  1  should  like 
to  mention  the  name  of  Professor  Fleming,  as  having 
done  a  great  deal  of  pioneer  work)  has  led  to  the  wonder- 
ful developments  which  we  have  seen  demonstrated 
this  afternoon.  Tlie  development  of  this  relay  is  a 
great  achievement,  and  the  three-electrode  valve  is 
a  wonderful  piece  of  apparatus,  but  it  has  involved  a 
very  large  amount  of  lechniral  research  by  highly 
trained  technical  men  in  order  to  bring  it  to  its  present 
'  1  M    like,    in    an    Institution    such    as 

'■  'hat  jKiint,  because  1  think  it   is  one 

win.  Ii    IS    fxirfiiH-ly  impcjrtant    and    should    be    fully 
recognized  ;    the   importance   of  technical   research  in 
promoting  the  welfare  of  electrical  engineering  in  this 
c^jimtr>-  cannot   be   ovcr-cmphasi/ed.     It  is   a  subject 
whuh  lias  been  far  tcxj  much  overkxiked  in  the  past 
in   the  electrical  engineering  industry.     I   should   like 
next  to  refer  to  the  action  of  «lie  valve  as  a  physical 
■  •■ri,   that   IS.  .(s  a  thinp,   the  action  of   which 
the    discharge  <.(    electrons  from    a    heatcil 
•  111       A    h<-ate<l   fiLinu-nt  in  a    vacuum  gives  rise 
'lischargc   of    negative    electrons.      These    nega- 
.■'in»  mil  move  alxiut  freely  in  the  space  sur- 
the  filament.  unleM  there  is  some  controlling 
ng  on  them   to  direct   them.      If  one  puts  a 
p...,.       ■.\c  the  filament  or  round  it  and  connects  that 
to  the  i«.vitive  pf.le  of  a  battery,   the  positive  charge 
'  '  will  attract  the  electrons  from 

a  c  urront   to  (low.     If,  on  the 
*A\ni  ImihI.  llie  plate  i«  negatively  chargr<|,  the  poten- 


tial gradient  is  in  the  opposite  direction  and  drives 
the  electrons  back  again  into  the  filament.  Now,  if 
one  has,  instead  of  a  plate,  a  grid  with  holes  in  it,  and 
one  puts  another  plate  alwve  it,  one  gets  the  three-elec- 
trode valve.  If  one  connects  the  plate  to  a  high-potential 
battery,  there  is  a  big  positive  charge  on  the  plate, 
and  therefore  a  big  positive  charge  tending  to  attract 
the  negative  electrons.  If  the  grid  were  removed,  of 
course  there  would  be  a  current.  If  now  the  grid  is 
charged  so  as  to  produce  a  positive  potential  gradient 
between  the  grid  and  the  plate,  there  will  be  a  potential 
gradient  acting  on  the  electrons  when  they  emerge 
from  the  filament  tending  to  move  them  towards  the 
grid.  Some  of  these  electrons  will  come  to  the  grid  ; 
the  rest  of  them  will  shoot  through  the  holes  in  the 
grid  and  come  to  the  plate.  If  the  holes  in  the  grid 
are  large  as  compared  with  the  grid  wires,  there  will 
be  more  electrons  going  through  the  holes  than  there 
are  coming  on  to  the  grid  wires.  Therefore  there  will 
be  a  current  amplification  depending  to  a  certain  extent 
on  the  ratio  between  the  size  of  the  grid  wires  and  the 
size  of. the  holes.  There  is  one  interesting  point  about 
this.  It  will  be  noticed  in  the  curve  that  the  grid  always 
has  to  be  at  a  certain  negative  potential  in  order  to 
prevent  a  current  passing  to  the  plate.  \\e  have 
to  bring  the  grid  to  a  negative  fwtential,  relatively  to 
the  filament,  before  the  plate  current  is  reduced  to  zero. 
The  reason  is  this.  If  there  is  a  liigh  potential,  say 
400  or  500  volts,  on  the  plate,  it  will  produce  a  potential 
gradient  between  that  and  the  filament,  which  will 
be,  of  course,  in  the  right  direction  to  produce  a 
current.  That  current  has  to  be  stopped,  and  it  is 
done  by  neutralizing  the  positive  jxatcntial  gradient 
due  to  the  plato  by  a  negative  charge  on  the  grid. 
This  negative  charge  has  to  be  adjusted  to  such  a  value 
as  to  make  the  potential  gradient  at  the  filament  zero. 
It  is  the  potential  gradient  at  the  point  where  the 
electrons  are  emitted  that  controls  their  How.  I  should 
like  to  ask  the  author  whether  he  has  ever  tried  to  use 
a  condenser  in  the  grid  circuit  instead  of  a  {Kitential 
divider  in  order  to  control  the  grid  [wtential.  If  one 
has  a  leaky  condenser  connected  between  the  grid  and 
the  negative  terminal  one  can  control  the  grid  potential 
quite  easily,  and  by  altering  the  resistance  of  the  leak 
one  can  vary  the  controlling  ]X)tential,  what  the  author 
calls  the  "  threshold  "  voltage.  In  conclusion,  I  hope 
that,  if  new  terms  are  to  be  introduced  into  wireless 
technology,  some  regard  will  be  paid  to  their  etymolo- 
gical meaning. 

Professor  C.  L.  Fortescue :  In  the  vcrj  early 
day.s  wluii  the  first  rtMction  receivers  were  used,  we 
learne<l,  very  much  to  our  cost,  that  there  was  always 
a  tendency  to  oscillate.  It  is  a  very  old  jxunt,  but  it 
has  remained  for  the  author  to  make  use  of  this  feature. 
With  regard  to  the  applicati(m.  I  am  unable  to  s|)cak 
from  the  point  of  view  of  the  land  line  and  the  cable 
telegraph,  but  from  the  wireless  point  01  view  it  appeal's 
to  me  that  there  are  perhaps  two  c]uite  distinct  possi- 
bilities which,  although  the  author  h.is  menlione<t 
them  in  the  pajwr,  he  has  hardiy  brought  out  quite 
clearly.  We  might  divide  those  two,  as  he  does,  into 
the  acoustic  fy|K"  and  int"  receiving  for  wireless  tele- 
graphy direct.     I   take  it   that   with  the  fiist  of  these 
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methods   one   would   have  some   detector  to   give  the 
acoustic  frequency  and  that  the  rectified  signrds  would 
then   be   passed   on   to   the   relay.     That   is   using   the 
device  purely  as  a  relay.     There  is  the  other  application 
mentioned — that  the  author  would  use  the  instrument 
without   a   detector.     I   presume   that   he   would   have 
the   telephones   in    series   with   the    electro-m.echanical 
relay.     In  my  opinion  it  is  as  a  relay  with  some  other 
detector  that  this  device  is  likely  to  have  its  future 
application.     There   would   be   one   or   two   difficulties, 
if  the  device  were  to  be  used  for  direct  reception  without 
the  other  detector.     For  instance,  it  would  appear  that 
if  one  is  receiving  spark  signals,   instead  of  the  note 
of  the  spark  of  the  transmitting  station  being  heard 
in  the  telephones,  one  would  hear  simply  the  note  of 
the  make-and-break  of  the  small  tongue  of  the  electro- 
mechanical  relay.     It   would   be   that   particular   note 
that  would   always  appear  in  the  telephones  and  con- 
sequently the   great   advantage   which   arises   from   an 
operator  being  able  to  read   through  interferences  by 
means  of  a  distinctive  spark  frequency  would  be  lost. 
There  would  appear  also  to   be  the  difficulty  of  atmo- 
spherics having  the  .same  note   as  the  signals  ;    which 
would  be  a  great  disadvantage.     Finally  there  is  the 
point   that   the   author   does   not   claim   that   a   signal 
of  strength  less   than   the   Armj'  Ry  can   be  received 
directly.     It   may   therefore   be   concluded    quite   defi- 
nitely that  it  is  as  a  relay  or  as  a  calling-up  device  that 
it  would  have  its  principal  application.     With  regard 
to  the  difference  in  the  reception  of  the  spark  and  the 
continuous  wave,  on  which  the  author  has  touched,  I 
think   that   the   theory   is   applicable   to   all   forms   of 
reaction  receivers.     There  is  really  very  little  difference 
between  this  t}'pe  of  receiver  and  the  ordinary  reaction 
receiver.     In  either  case  one  has  the  negative  resistance 
in    the    valve.     The    only    difference    is    that    for    tliis 
particular   arrangement   the   negative   resistance   is   an 
increasing   resistance    with    increasing    amplitude,   and 
accordingly  as  the  amplitude  of  the  signal  builds   up 
in  the  receiver  circuit  the  tendency  to  oscillate  becomes 
more  and  more  marked,  the  stage  of  instability  is  quickly 
reached,  and    the    relaj'    comes    into    operation.     With 
the  ordinary  reaction  detector,  on  the  other  hand,  the 
tendency  is  to  work  the  other  way, viz.  to  arrange  matters 
so  that  as  the  amplitude  builds   up  the  tendency  to 
oscillate  gets  less  and  less  ;    in  other  words,  to  use  the 
valve    so    that    the    negative    resistance    is    decreasing 
with  increasing  amplitude.     With  regard  to  the  reduc- 
tion of  the  margin,  has  any  method  of  quenching  the 
oscillations  other  than  that  described  in  the  paper  been 
tried  ?     It  would   appear    that   this  method   of    short- 
circuiting  the  coupling-coil  might  possibly  lead  to  shock 
of  the  L  C  circuit  and  so  to  the  restarting  of  the  oscilla- 
tion.   If  a  resistance  in  parallel  with  the  condenser  could 
be  used  as  a  damping  arrangement,  it  might  be  possible 
that  the  sudden  rush  of  the  anode  current  through  the 
coupling  cod  could    be    avoided.     Finally,    there    is    a 
small  point  with  regard  to  the  design  of  the  triodes. 
In  the  past  the  endeavour  has  been  to  produce  valves 
having    certain    slopes    of    the    characteristic    curves. 
The  valve  designers  and  the  valve  manufacturers  have 
found   some   difficulty  in   keeping   these  slopes   within 
the    prescribed    limits.      It  would    appear    that    the 


problem  for  them  has  now  been  somewhat  widened. 
In  future,  apparently,  they  will  have  to  control  the 
rate  of  change  of  the  slope.  We  have  d^i/dv^  now, 
as  well  as  d  i/d  v.  1  do  not  know  how  manufacturers 
will  like  this  added  burden  which  has  been  thrown 
upon  them. 

Mr.  B.  Binyon  :     I  was  glad  to  hear  Mr.  Taylor  com- 
pare the  author's  invention  with  a  coherer.     I  am  sure 
the  author  will  not  object  to  the  comparison,  because 
really  the  whole  action  of  tiis  instrument  is  analogous, 
though   far   superior   to    the   coherer,    except   that    his 
decohering  arrangements  are  carried  out  by  electrical 
rather  than  by  mechanical  means.     There  is  one  point 
which  Professor  Fortescue  touched  on  and  which  may 
perhaps  at  first  sight  seem  of  minor  importance,  namely, 
the    question   of   utilizing   simultaneously,  in   conjunc- 
tion with  the  valve  relay,  a  telephone  receiver.      The 
author  has  pointed  out  that  the  principle  of  his  high- 
frequency  valve  relay  depends  neither  upon  heterodjme 
nor  upon  rectification,  and  it  appears  to  me  impossible 
to  operate  a  listening-in  device  simultaneously  with  the 
valve  relay  recorder.     From  a  practical  point  of  view 
this    is    of    vital    importance    when    utilizing    such    an 
arrangement    in    a    station    carrying    out    commercial 
traffic.     It  is  essential  if  one  man  is  working  the  recorder 
that  somebody  else  should  be  listening-in  independently, 
but   on  the   same  receiver  circuits,   to   carry  out  any 
necessary  tuning  adjustments  for  wave  fluctuations  or 
weakening  of  couplings  to  eliminate  disturbances.     It 
should  be  borne  in  mind  that  if  jamming  occurs,  or  a 
local  inductive  effect  trips  the  relay  and  disturbs  the 
signals,  there  is  no  means  of  knowing  the  cause  unless 
simultaneously  listening-in  be  employed.    From  a  traffic 
point  of    view  it    is  very   disadvantageous  to  have  to 
switch  over  from  the  recorder  to  a  telephone  circuit 
in  order  to.  carry  out  adjustments,   and  this   appears 
necessary   unless  such   adjustments   are  done  more  or 
less  at  random  and  in  the  hope  of  getting  the  recording 
mechanism   into   working   order   again.     The   difficulty 
might  be  overcome  by  employing  the  audio-frequency 
relay  operating,  say,  at  the  end  of  a  multi-valve  amplifier, 
in  which  case  the  high-frequency  currents  being  rectified 
by  the  amplifier  could  operate  simultaneously  a  tele- 
phone   and    recording    circuit.     The    disadvantage    of 
utilizing  the  audio-frequency  relay  in  conjunction  with 
a  listening-in  device  is  the  loss  of  both  sensitiveness 
and  speed  and  all   the  advantages  which  the  author 
has  described  in  using  a  high-frequency  type  of  relay. 
Alternatively,    we   could    use   an   entirely   independent 
receiver  for  simultaneous  listening-in,  but  that,  I  think, 
would   hardly   meet   the   practical   needs   of   the   case, 
because  some  fault  might  develop  in  the  valve  relay 
receiver   wliich    might   not   occur   in    the   independent 
receiver.     It    seems    to    me    that    the    advantages    of 
selectivity   possessed   by   the   relay   which   the   author 
has   described   are   to   some   extent  lost  owing  to   the 
necessity  of  switcliing  over  to  a  telephone  receiver  to 
adjust  for  the  elimination  of  an  interfering  spark  station. 
I   cannot   emphasize   too   strongly   from   the   practical 
point  of  view  my  agreement  with  Professor  Fortescue 
on  the  enormous  advantages  of  aural  reception,  because 
it   does   keep   the   relative   frequencies   of   whatever   is 
coming  in  in  the  same  proportion,   and  this   applies. 
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well-known  method  of  hiph-sjvHKl  recording 
■no  I  think  that  perhaps  when  seeing  an 
■n  of  this  nature  we  are 
.  :  rget  the  perfection  of  the 
human  car  m  Ix-mp  able  to  distinguish  and  act  as  a 
selector  in  recci\ing  wireless  signals.  Regarding  high- 
speed recording,  the  theoretical  fact  that  there  is 
no  expenditure  of  energy  required  to  trip  the  relay, 
as  has  been  pointed  out  in  the  paper,  is  at  first  sight 
vcr>-  attractive,  but  at  really  high  speeds  the  energ>- 
stored  in  the  anode  and  grid  inductances  of  the  circuits 
must  require  an  appreciable  clement  of  time  to  damp 
out.  In  the  case  of  the  high-ln-quency  relay  one  would 
cxi^ect  that  the  electrical  quenching  in  the  circuits 
WKuld  be  quicker  on  the  shorter  wave-lengths  than  on 
the  longer  ;  howe\er,  it  is  ncarlv  always  the  longer 
wave-lengths  which  are  employed  for  long-distance 
communication  where  high-speed  recording  is  required. 
It  would  have  been  very  interesting  if  the  paper  had 
given  us  some  cur\-es  showing  possible  speed  for  a  given 
signal  strength  plotted  against  wave-lengths,  though 
it  niipht  be  that  the  mechanical  inertia  of  the  parts, 
at  the  liigher  speetls,  would  f)l>scure  any  difference  in 
the  speed  possibilities  on  long  and  short  waves.  It 
would  be  interesting  to  h?\'e  some  idea  of  what  part 
the  quenching  of  the  energy  in  the  circuits  plays  at 
really  high  speeds,  say,  of  the  order  of  loo  words  per 
minute  or  above.  Regarding  the  mechanical  inertia 
of  the  relay  itself,  the  author  has  mentioned  the  use 
of  a  mechanical  quencher — I  presume  something  in 
the  nature  of  a  rotary  commutator  quenching  con- 
tinuously rather  like  the  old  decohercr  lapped  con- 
tinuously on  the  coherer.  I  should  have  thought  that 
the  speed  of  the  relay  would  have  been  very  much 
improved  by  the  emplo)Tnent  of  such  an  independent 
mechanical  quencher.  I  fail  to  see  that  the  ingenious 
arrangement  of  Major  Fuller's,  illustrated  in  Fig.  12, 
has  anv  advantages  over  the  mechanical  ijuencher ; 
It  offers  no  reme<ly  for  more  npid  electrical  quenching, 
and  ha-s  the  inherent  disadvantage  of  the  mechanical 
interaction  of  two  spring-controlled  relay  tongues. 
Sensitivity  is  governed  by  the  narrowness  of  the  threshold 
which  can  be  employed  in  practice  ;  I  think  the  author 
gives  the  adjustment  as  005  volt.  It  seems  to  me 
that  if  the  valve  relay  he  employed  as  a  calling  device 
and  is  left  for  lone  periods,  critically  adjusted  to  the 
best  point  on  the  threshold,  the  falling-off  in  jxjtential 
■  'or  high-tensiriTi  batteries,   might  cause 

1  ti)  creep  awav   from   the   sensitive   point 

iM)   that    the    incoming    signal    would    fail   to    trip    the 
relay  and  give  the  call  :    1  believe  the  author  has  some 
\<-rv  iiifrrnidus  idcT.  to  overcome  defects  of  this  nature 
Mr.  W.  E.  TwellB  :   I  should  like  to  know  whether 
the  author  has  made  any  experiments  on  really  high- 
speed wf.rkir.R  :    I   mean  of  the  order  of  200  words  a 
miniitf       I'rnii.ibly  no  country  in  the  world  is  so  well 
lily    and    teleplmi^icTlly    with    main 
■•    n«    ii    th«*   1'iiit»-d    Kinprlonv      The 
;  ind 

•  lits. 
r    of    the    I'ost    Uflice 

-ing   the   capacity   and 

.toce  of  p«iin  in  cat*le«,  it  became  quite  practicable 


to  work  telegraphs  and  telephones  in  the  same  cable, 
but  the  telegraph  pairs  were  separatetl,  and  I  think  the 
problem  of  the  future — in  fact,  it  is  the  problem  of 
the  present — is  to  get  telegraphs  and  telephones  working 
indiscriminately  either  on  a  loaded  pair  or  on  an  unloaded 
pair  in  the  same  cable.  At  present  telegraphs  are  on 
unloaded  pairs.  \'ery  considerable  progress  has  already 
been  made  by  the  Post  Office  on  these  lines,  and  I  think 
the  difficulty  will,  as  a  matter  of  fact,  be  solved  in  the 
ver>'  near  future.  The  speeds  attainable  are  in  the 
nature  of  200  words  a  minute,  and  1  should  like  to  know 
whether  the  authors  relay  will  work  at  anytlung 
approaching  that.  The  problem,  of  course,  is  not  a 
simple  one  ;  the  relay  must  not  be  so  sensitive  that  it 
responds  to  currents  picked  up  from  the  telephone 
circuits,  and  it  must  l>e  capable  of  ultimately  working 
on  single  wires  without  interference  with  telephone 
circuits  in  the  same  cable.  At  the  present  moment 
there  are  circuits  over  300  miles  in  length  working  on  a 
j)air  of  wires  and,  as  each  wire  of  a  pair  represents  30 
tons  of  copper,  there  would  be  a  very  considerable 
saving  if  the  telegraph  currents  were  so  small  that  they 
did  not  interfere  with  the  working  of  the  other  wire 
of  the  pair  but  yet  were  able  to  work  at  the  required 
speed. 

Mr.  A.  B.  Hart  :  Thn  jiorfection  of  the  thermionic 
valve  or  the  triode  has  made  possible  the  development 
of  a  practical  telephone  repeater  for  use  in  the  telephone 
trunk  lines  of  the  country.  The  introduction  ol  the 
telephone  rcpieater  has  also  revolutionized  the  design 
of  long-distance  lines  ;  and  whereas  telephone  engineers 
used  to  specify  conductors  weighing  400  lb.  per  mile, 
or  even  in  some  cases  600  lb.  and  Soo  lb.,  they  are  now 
able  to  specify  conductors  of  not  more  than  one-tenth 
that  weight  of  copper.  But  a  telephone  trunk-line 
system  designe<l  to  use  those  small  conductors  in  con- 
junction with  telephone  repeaters  has  its  own  peculiar 
troubles  and  difficulties,  and  the  particular  problem 
I  have  in  mind  at  the  moment  is  that  of  signalhng 
through  long  lengths  of  small  conductors.  We  used 
to  be  able  to  say  that  we  could  ring  through  anything 
we  could  speak  through.  Now  we  have  g<it  to  a  point 
where  we  have  to  say  that  we  reach  the  signalling 
limit  long  before  we  reach  the  speaking  limit.  In  fact, 
the  indications  show  that  in  future  there  will  be  no 
limit  to  the  distance  over  which  speech  is  possible. 
In  order  to  operate  trunk  lines  economically  it  is  neces- 
sary for  the  equipment  to  include  apparatus  for  calling 
and  clearing.  These  devices,  as  is  proliably  well  known, 
arc  generally  in  the  form  of  rcla\-s  shunteil  ncit>ss  the 
speaking  circuit.  These  relays,  of  high  inqK-dancc  to 
current  of  six-ech  frequency,  arc  oix-rated  by  the  sig- 
nalling current  which  is  of  the  order  of  10  milliam)ieres 
and  of  much  lower  fre<|uency.  In  order  to  transmit 
currents  of  this  magnitude  through  the  high-resistance 
si>eaking  circuits  that  telephone  engineers  now  propose 
til  use,  it  has  been   1  to  insert  at  intervals  in 

these  lines  signallin;  -  which  are    designed  on 

the   lines  ol   telegraph   ic|x;.ilers      Such    si  le- 

pc-.Tters  bring  al>oiit  seme  very  undesirable  c  iis 

in  the  maintenance  ol  trunk  lines,  but  in  addition  to 
that  their  very  presence  in  those  trunk  lines  introduces 
diflicultiet  which  interfere  with  the  proper  functioning 
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of  the  thermionic  valve  and  its  associated  apparatus 
forming  the  telephone  repeater.  Wire  telephone 
engineers  ha^•e  therefore  been  studying  schemes  to 
render  unnecessary  the  use  of  separate  linging  repeaters. 
The  underlying  principle  of  these  schemes  is  the  use 
■of  the  triode,  or  thermionic  valve  as  we  still  persist 
in  calling  it,  for  relaying  signalling  current  as  well  as 
speech  current.  There  is  no  time  now,  nor  is  this  the 
proper  occasion,  to  go  into  the  details  of  the  telephone 
repeater,  but  it  will  probably  be  sufificient  for  me  to 
say  that  an  essential  element  of  that  repeater  must  be 
a  receiving  apparatus  that  will  respond  to  signalling 
currents  of  the  same  order  of  magnitude  as  the  speech 
current,  but  the  apparatus  must  not  respond  to  speech- 
current  frequency.  It  seems  to  me  that  the  apparatus 
which  the  author  has  described  at  least  offers  one  solution 
of  that  problem. 

Mr.  G.  H.  Nash  :  I  desire  to  associate  myself  with 
INIr.  Hart's  contribution  because  it  has  covered  the 
ground  which  I  had  intended  to  follow.  There  is 
one  further  adaption  of  this  relay  which  the  author 
might  like  to  ha\e  suggested  ;  it  is  that  some  ships 
of  the  Navy  were  fitted  with  wireless  telephones  and 
did  not  give  very  satisfactory  ser\-ice  because  of  the 
difficulty  of  calling.  It  would  seem  possible  by  adapting 
this  relay  so  that  it  be  included  in  a  selective  circuit 
tuned  to  the  calhng  frequency,  to  overcome  thereby 
the  calling  trouble  and  supply  a  real  need.  There  are 
two  other  matters  to  which  I  desire  to  refer.  The 
first  is  to  add  a  further  contribution  towards  the  dis- 
cussion in  praise  of  the  valve.  The  second  is  to  describe 
a  difficulty  which  I  have  experienced  in  working  with 
a  certain  type.  Relating  to  the  first,  it  may  be  of 
interest  to  review  briefly  the  principal  uses  to  which 
the  valve  has  been  put  during  the  war.  On  the  occasion 
of  Major  Fuller's  recent  paper,  reference  was  made  to 
the  way  in  which  the  Germans  first  used  this  three- 
electrode  valve  to  overhear  conversations  carried  on 
by  field  telephones  and  telegraphs  at  the  Front.  Later, 
the  British  and  French  repUed,  using  similar  valves, 
and  were  able  to  overhear  the  German  connections 
"with,  I  believe,  very  much  greater  success  than  the 
Germans  had  had.  The  next  development  of  note 
was  the  transmission  of  the  spoken  word  from  the 
Eiffel  Tower  to  America  in  the  early  summer  of  1915. 
Then  followed  a  ^'ery  large  increase  of  \alves  used  in 
wireless  work,  particularly  in  wireless  telephony  between 
aircraft  and  the  ground.  In  1917  it  was  introduced 
into  the  Navy  in  connection  with  submarine  hunting, 
and  now  finally  it  has  aided  in  multiplex  working,  so 
that  there  is  to-day  in  operation  a  commercial  circuit 
of  over  100  miles  in  length  carrving  10  simultaneous 
telegraph  circuits  and  4  telephone  circuits.  The  tele- 
graph circuits  are  capable  of  being  operated  in  all 
the  various  ways  which  would  be  possible  should  each 
circuit  have  a  wire  itself.  Finally,  there  is  the  extreme 
development  in  long-distance  telephony  due  to  the 
use  of  the  three-electrode  valve,  or  triode  valve  a,s  the 
author  prefers  to  call  it,  whereby  it  is  only  a  question 
of  expense  which  prevents  us  talking  over  the  longest 
land  distance,  as  for  instance  from  Shanghai  to  London. 
This  reference  to  the  utiUtv  of  the  valve  is  not  complete, 
but  is  sufficient  to  emphasize  the  epoch-making  character 


of  the  apparatus.  IMy  second  point  relates  to  a  difficulty 
I  had  in  using  the  French  type  of  valve  on  board  ship 
because  I  could  not  get  faithful  articulation  from  it. 
The  cause  was  finally  traced  to  the  use  of  the  peculiar 
form  of  grid,  which  is  a  spiral  wire  in  tension,  and  is 
to  all  intents  and  purposes  a  spiral  spring.  This  is 
kept  in  vibration  by  external  causes  so  that  articulation 
is  coloured  by  the  frequency  of  the  vibration.  Further 
tests  have  been  made  with  the  valve  in  a  stable  place, 
but  even  then  the  valve  was  not  satisfactorj-,  because 
if  a  considerable  amount  of  power  was  passed  throuo^h 
the  valve  at  the  same  frequency  as  the  natural  vibration 
of  the  grid,  a  slight  discoloration  occurred  which  rather 
suggested  that  the  bombardment  was  capable  of 
mechanically  exciting  the  electrode.  To  overcome  the 
trouble  it  was  decided  to  use  a  triode  with  a  very  much 
stronger  grid.  The  vahe  I  have  described  is  very 
largely  used  by  the  British  Army,  and  I  shall  be  glad 
to  know  whether  the  author  has  experienced  a  similar 
difficulty. 

Major  C.  E.  Prince  :  I  think  some  pre\-ious  speakers 
have  not  quite  clearly  distinguished  between  the 
ordinary  method  of  amplification,  and  the  author's 
special  application  of  the  valve,  in  which  oscillation  is 
started  by  the  arrival  of  the  signal.  Such  an  effect, 
often  produced  temporarily  or  accidentally,  has,  in 
his  de-\dce,  been  most  neatly  harnessed  to  practical 
ends.  I  should  like  to  ask  the  author  to  give  us  some 
more  information  about  the  selectivit}-  of  the  circuit. 
Obviously  it  is  one  of  nearly  zero  decrement  and  can 
be  absolutely  in  tune  with  the  arri\-ing  wave,  which 
does  not  have  to  be  rectified,  or  combined  with  another 
frequency,  as  in  heterodj-ne  ;  so  that  the  selectiWty  ought 
to  be  extremely  high.  Major  Fuller,  I  believe,  in  his 
sound-ranging  e.xperiments,  found  this  to  be  the  case. 
It  seems  to  me  that  one  large  field  of  usefulness  for 
the  trigger  valve  should  lie  in  comparing  or  equaUzing 
the  strength  of  signals,  a  thing  it  is  often  \-ery  desirable 
to  do.  The  trigger  should  afford  an  excellent  means 
of  accompUshing  this,  proWded  we  reahze  that  we 
are  comparing  only  the  peak  voltages  of  the  signals. 

Mr.  B.  S.  Gossling  :  The  author  has  undoubtedly 
presented  the  valve  makers  with  a  new  and  definite 
problem.  As  Professor  Fortescue  has  pointed  out, 
valve  designers  will  now  have  to  take  into  account 
the  curvature  of  the  characteristic  of  the  valve  and 
not  merely  its  slope.  The  curvature  of  the  characteristic 
is  commonly  assumed  to  be  the  origin  of  the  rectifying 
action  of  the  valve,  and  has  been  verj'  fully  considered  by 
many  in  that  respect  ;  but  the  author  shows  us  the 
curvature  of  the  characteristic  applied  to  another 
purpose.  It  so  happens  that  the  portion  of  the 
characteristic  which  he  works  upon  is  one  where  the 
theor}-  is  at  least  comprehensible  if  not  yet  susceptible 
to  e.xact  treatment.  That  portion  of  the  character- 
istic has  a  very  exact  geometrical  form.  It  is  in  the 
form  of  an  exponential  curve,  the  constant  of  which 
has  been  very  clearlj^  sho^vn  in  Professor  Richardson's 
work  on  the  distribution  of  the  velocities  with  which 
electrons  are  emitted  from  the  filam.ent  to  be  based 
solely  on  certain  natural  constants.  It  therefore  appears 
extremely  probable  that  the  vah-es,  as  we  have  them 
now,  give  a  cur\-ature  of  very  much  the  same  order  as 
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is  ever  likely  to  appear,  always  provided  that  soniwjne 
does  not  produce  an  ingenious  method  of  chminating 
the  effect  of  the  particular  natural  constants  in- 
volved. Apart  from  tliat,  the  valve,  as  it  stands, 
ver\'  conceivably  represents  sumethint;  like  high-water 
mark   as  regards  cur\-aturc  of  the  characteristic. 

Mr.  A.  C.  Brown  :  1  sho\ild  like  to  ask  the  author 
whether  he  luis  done  anything  in  the  way  of  using 
higher  voltage  currents,  such  as  the  current  from 
electric  light  mains,  and  if  so  whether  he  has  had  any 
difficulty  in  the  matter  of  cutting  out  the  oscillations 
that  are  usually  inherent  in  such  electricity  supply. 
That  is  a  more  important  point  than  may  appear  at 
first  sight,  because,  after  all,  the  great  difTiculty  in 
the  permanent  working  of  these  lamps  seems  to  Ix; 
the  detail  of  keeping  accumulators  fully  charged,  and 
therefore  if  the  current  to  keep  the  filament  hot  can 
be  derivetl  from  the  electricity  supply  mains  it  would 
for  many  practical  purposes  be  very  useful. 

Mr.  J.  Coxon  :  Some  time  Ijeforc  the  war  the  author 
read  a  paper  before  the  Institution  of  I'ost  Office 
Engineers  upon  "  Wireless  Call  Devices,"  and  I  believe 
he  spent  a  good  deal  of  time  in  tr)-ing  to  develop  a 
satisfactory'  device.  I  think  his  perseverence  deserves 
compliment,  and  credit  is  due  to  him  for  the  develop- 
ment of  the  apparently  highly  satisf.icton*-  arrangement 
shown  to  us  this  evening.  Credit  would  also  seem  due 
to  those  officers  controlling  the  Experimental  Signal 
Establishment  for  their  foresight  in  granting  facilities 
for  work  of  such  a  nature.  Perhaps  the  author,  in 
replying,  can  quote  the  relative  magnification  of  his 
valve  and  relay  device,  as  compared  with  amplification 
by  a  series  of  valves  only. 

Captain  L.  B.  Turner  (in  rrply.  comwunicat-d)  : 
Mr.  Swinton's  enthusiasm  for  the  modern  Iriodc  must 
be  shared  by  all  those  who  have  worked  with  it  ;  even 
more  perhaps  by  those  who  have  had  the  opportunity 
only  of  reflecting  on  its  theory  than  by  those  who  have- 
also  handle<l  it  in  the  lalxiratory  and  experienced  its 
practical  limitations.  Tor  the  possibilities  it  opens 
up  are  indeed  overwhelming.  Hut  Mr.  Swinton  has, 
I  think,  parted  from  practical  possibilities  in  his  com- 
putation of  what  may  be  achieved  by  mujti-triode 
amplifiers  as  an  alternative  to  the  valve  relay.  An 
amplification  of  electromotive  force  of  |8  in  a  single 
•  node  IS  not  out  of  the  way.  .Amplifications  of  6  arc 
V"t  from  the  trio<le  described  in  the  paper,  and  Go 
from  another  ordinary  pattern  containing  a  fine-mesh 
grid  (the  Marconi  Company's  "  O  "  valve).  Hut  the 
ratio  of  1 8  per  tii'Kle  cannot  in  practice  \x  maintained 
in  an  amplifier  with  many  triodes  in  cascade  ;  and 
Mr.  Swinton's  figure  of  i8*  or  33  millions  with  the 
f>-tiilw  amplifier  mentioned  by  him  as  iwed  to  amplify 
the  Hignals,  estimated  al  00^1  microwatt,  from  the 
Eiffel  Tower  would  not  Ik-  reali7.e<l.  This  is  fortunale 
UtT  the  op/-ratf)r,  I0  whose  li-lrpluines  wruilcl  In-  delivered 
,1  pr>wfr  r,i  r,  ci(t  mitrowatt  multiplir<l  by  the  square 
of  X  viz,  O3.000  kw.  I     As  stated  in  Section  3, 

the  ■   :'Kle    valve    relay    exhibited    will    respond 

to  a  power  of  alxiiit  001  microwatt. 

The  companwn  between  the  valve  relay  and  a 
coherer  (referred  to  by  Mr.  Taylor  and  Major  Hinyon) 
I*    intemting    and    apposite.     Tlierr    \%    an    important 


distinction  to  be  drawn,  however,  in  that  whereas 
the  valve  relay  is  a  true  potential-operated  device 
absorbing  no  energy  from  the  oscillatorj'  circuit  wherein 
the  tripping  potential  is  prcKluced,  the  coherer  does- 
damp  the  circuit  to  which  it  is  connected.  Apart 
from  this,  however,  and  disregarding  the  inconstancy 
and  manipulative  difficulties  of  the  coherer,  the  com- 
parison suggested  by  Mr.  Taylor  would  be  that,  whereas- 
the  valve  relay  requires,  say,  01  volt  to  trip  it,  the 
coherer  requires — I  am  told — some  5  or  10  volts,  giving 
an  energ)-  ratio  of  at  least  over  2,000  in  favour  of  the 
valve  relay. 

Professor  Marchant  asks  whether  a  variable  resistance 
in  series  with  the  grid  has  been  tried  for  controlling, 
its  potential.  The  leaky  grid  condenser  tending  to 
maintain  the  grid  at  a  slightly  positive  potential  is 
an  admirable  rectifying  device  ;  but  when  the  grid 
is  negative,  its  own  resistance  is  infinite  and  the  leak 
would  have  no  effect.  In  any  case,  however,  a  sliding 
potentiometer  of  tens  or  hundreds  of  ohms  would 
remain  preferable  to  a  variable  resistance  of  some  such 
value  as  a  megohm.  Various  other  methods  of  con- 
trolling the  approach  to  o-scillation  may  be  used,  but  for 
most  purposes  the  grid  iX)tentiometer  serves  perfectly. 

The  point  raised  by  Professor  Fortescue,  as  to  the 
jxjssible  re-igniting  effect  of  the  shock  to  the  oscillatory 
system  when  the  quenching  short-circuit  is  removed. 
IS  .in  interesting  one  which  had  not  occurred  to  me  ; 
but  it  must  be  remcmlx'red  that  the  anode  resistance 
is  very  large  before  the  tripping  si.p-nal  arrives.  At 
any  rate,  the  effect  appears  to  be  a  verj'  small  one 
which  has  not  so  far  proved  troublesome  in  practice^ 
being  swamped  no  doubt  by  the  other  re-igniting  elec- 
tromotive forces,  and  well  covercl  by  the  margin 
which  they,  and  the  slight  inconstancy  of  the  triode, 
demand.  1  have  found,  on  the  other  hand,  that 
quenching  by  severing  the  anixle  or  grid  circuit  is  not 
satisfactory-,  as  re-ignition  is  effected  by  the  overshoot 
of  potential  at  rc-make. 

Major  Binyon  raises  a  numl>er  of  points  requiring, 
some  comment.  He  mentions  the  desirability  of  an 
auditive  watch  over  any  relay  apparatus  actuated  by 
wireless  signals.  I  admit  this  ;  though  I  do  not  regard 
the  continual  tuning  and  coupling  adjustments,  which 
he  a]ipcars  to  contemplate,  as  permis:.ilile,  in  a  high- 
speed point-to-jK)int  station  even  to-day — certainly  not 
five  years  hence.  1  agree  that  it  would  be  no  solution 
to  attach  telephones  to  the  v.ilve  relay  itself.  But  I 
think  that  a  simple  heterodyne  receiver,  to  be  used 
for  super\'ision  purposes  simultajjc<nisly  with  the  valve 
relay,  coupled  to  the  antenna  or  to  whatever  circuit 
immediately  ['recedes  the  combination  of  Fig.  10  or  its 
sulistitufe,  would  meet  the  case.  In  wireless  telegraphy 
as  ordinarily  practised  to-d-iy,  the  discriminating 
1-K>wers  f>f  the  ear  and  brain  are  undoubtedly  an  enor- 
mous asset  ;  but  when  we  wish  to  work  at  high  speed 
this  faculty  must  lie  more  or  less  wholly  abamloned. 
The  selective  pro|ierties  of  the  valve  relay  in  the  syn- 
tonised form  have  Ix-en  described.  With  the  introduction 
of  a  suitable  limiter  lx?tween  it  and  the  antenna,  pre- 
venting an  atmospheric  from  making  up  in  violence 
what  it  lacks  in  (requenry  or  lowness  of  decrement,  a 
solution  will.  1  think.  I>e  provide<l  in  the  near  future  ; 
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and  a  high-speed  system  will  be  produced  freer  from 
jamming  than  the  low-speed  aural  reception  of  to-day. 
Major  Binyon's  remarks  on  the  loss  of  sensitive  adjust- 
ment of  the  valve  relay  whenleft  longperiods  unattended, 
owing  to  drop  in  battery  potentials,  are  specially  signifi- 
cant in  that  the  relay  is  in  other  respects  particularly 
suitable  for  such  unattended  conditions.  These  changes 
can  be  fully  provided  for.  The  most  sensible  is  likely 
to  be  the  gradual  drop  of  potential  difference  of  the 
filament  battery.  This  is  easily  compensated  by 
arranging  that  the  fall  of  filament  current  in  a  series 
resistance  shall  introduce  a  compensating  rise  of  grid 
potential,  by  a  method  analogous  to  that  described  in 
the  author's  paper  on  "Wireless  Call  Devices"*  for 
maintaining  constant  the  anode  current  of  a  Fleming 
valve.  Change  of  potential  of  the  anode  battery  can 
be  made  to  produce  the  necessary  slight  compensating 
change  of  grid  potential  by  causing  a  current  from  the 
battery  to  warm,  and  thus  control  the  resistance  of, 
part  of  the  grid  potentiometer  circuit.  Temperature 
changes  of  battery  electromotive  force  can,  if  necessary, 
be  compensated  in  like  manner.  I  do  not  think  these 
refinements  will  often  be  wanted.  Where  the  relay  is 
to  be  left  unattended,  for  periods  which  might  extend 
to  days  or  even  weeks,  another  method  which  has  been 
devised  will  probably  be  preferable.  According  to  this, 
a  local  clock  switches  the  relay  off  its  normal  duty  for 
a  minute  or  so  at  intervals  of  an  hour  or  so  ;  the  grid 
potential  is  automaticallv  raised  until  the  relay  trips, 
and  in  so  doing  lowers  the  potential  by  a  suitable  step 
and  switches  back  to  normal  duty  for  another  period. 

Mr.  Twells  raises  the  question  of  the  use  of  sensitive 
relays  for  high-speed  underground  cable  telegraphy 
with  such  small  currents  as  will  not  interfere  with 
telephony  through  the  same  cables.  This  is  an  in- 
teresting development  which  seems  to  promise  large 
economies.  Experiments  now  in  progress  at  the  Signals 
Experimental  Establishment  with  wireless  signals 
indicate  that  the  valve  relay  can  be  used  at  speeds 
such  as  200  words  per  minute  ;  but  though  this  instru- 
ment could  certainly  be  used,  I  am  doubtful  whether 
it  is  the  simplest  for  the  purpose  described. 

A  somewhat  similar  application  is  discussed  by 
Mr.  Hart,  who  calls  for  a  sensitive  relay  capable  of 
performing  the  ringing  and  switching  duties  in  a  tele- 

•  The  Institution  of  Post  Office  Electrical  Engineers  Professional  Paper 
No.  61,  15  February,  1915. 


phone  circuit  with  currents  of  the  same  order  of  magni- 
tude as  the  speaking  currents.  Here,  I  think,  a  form 
of  valve  relaj-  would  be  very  suitable.  It  might  be 
of  the  type  of  Fig.  8,  but  designed  so  that  the  signal 
circuit  tunes  to,  say,  50  periods  per  second  instead  of 
being  sensibly  aperiodic  ;  or  it  might  be  of  the  type 
of  Fig.  II,  but  with  circuits  tuned  to,  say,  50  periods 
per  second  instead  of  the  wireless  frequency. 

It  has  been  stated  that  the  discrimination  between 
spark  and  continuous-wave  signals  observed  with  the 
valve  relay  of  Fig.  11  is  verj'  striking,  and  the  quanti- 
tative theory  is  sketched  in  Section  7.  Major  Prince, 
in  asking  for  further  information  as  to  selectivity,  is 
probably  referring  to  selection  between  two  continuous- 
wave  wave-lengths.  Freedom  from  jamming  from 
continuous-wave  signals  is,  of  course,  more  marked 
than  by  spark  signals  or  atmospherics.  It  is  easily 
calculated  from  the  Bjerknes  equation  connecting 
decrement  fi  (in  this  case  the  decrement  of  the  valve 
relay  circuit  alone),  the  tuned  and  slightly  distuned 
wave-lengths  /.„  and  ).,  and  the  corresponding  oscilla- 
tory currents  (or  potentials  of  grid  of  valve  relay)  »„ 
and  i  : 


l^'<'~§) 


Writing  r  as  the  ratio  ol  tuned  and  distuned  currents 
on  passing  from  the  tuned  wave-length  by  x  per  cent 
of  its  value,  this  may  be  written 


\/r 


2  71  X 

100  6 


10+ d 


If  we  take  the  inherent  (non-reactive)  decrement  of 
the  oscillator)-  circuit  of  the  valve  relay  as  no  lower 
than  001,  we  have  in  our  supposed  case  (5  =  2  per  cent 
of  001=00002.  Hence  when,  for  example,  -r  =  oi, 
r=32.  That  is,  a  distuning  of  one-tenth  of  1  per  cent 
in  wave-length  would  divide  the  tripping  potential  on 
the  grid  by  32.  It  is  to  be  noted  that  with  valve  relay 
reception  we  are  affected  by  one  wave-length  only,  and 
are  not  concerned  with  the  two  ranges  of  wave-length, 
of  troublesome  width  in  long-wave  work,  over  which 
the  beat  note  is  audible  in  heterodjme  reception. 
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MAGNETOMOTIVE  FORCE  CALCULATIONS  FOR  CVLINDRICAL-FIELD 
ALTERNATORS    UNDER   STEADY    SHORT-CIRCUIT   CONDITIONS* 


By  A.  E.  Claytox,   B.Sc.  (Eng.),  Associate  Member. 
(Pafer  finl  received  4  December,  1917,  and  in  final  form  28  January,  1920.) 


INTKODICTIOX. 

The  present  paper  is  the  outcome  of  an  investigation 
into  the  leakage  reactance  of  cylindrical-field  alternators 
carried  out  by  the  author  during  the  summer  of  1915, f 
during  which  the  need  for  exact  methods  in  calculating 
the  effect  of  armature  reaction  with  such  machines  was 
made  very  apparent. 

The  paper,  too,  is  in  natural  sequence  to  the  work 
already  published  by  the  author  on  the  operation  of 
alternators  under  steady  short-circuit  conditions. 

The  general  problem  of  armature  reaction  is  dealt  with 
in  such  textbooks  as  those  by  Arnold  and  Russell,  and  the 
methods  followed  in  this  paper  are,  to  a  certain  extent, 
on  the  same  hnes  as  those  employed  by  those  writers, 
and,  more  recently,  by  Dr.  S.  P.  Smith.)  In  addition, 
a  very  valuable  mathematical  treatment  of  the  magneto- 
motive force  of  armature  windings  has  been  published 
recently  by  B.   Hague. 5 

In  the  present  paper,  however,  an  attempt  is  made 
to  apply  a  strict  examination  into  the  accuracy  of  the 
various  methods  in  use  for  calculating  the  values  of  the 
various  m.ignetomotive  forces  concerned  in  the  action  of 
cylindrical-field  alternators  under  steady  sliort-circuit  con- 
ditions. Further,  it  is  shown  that  M.M.F.  calculations  of 
cylindrical-field  alternators,  under  such  conditions,  can 
be  carried  out  very  simply  in  terms  of  the  actual  maximum 
ampere-turns  per  pole  on  the  exciting  winding,  and  are, 
in  fact,  simpler  and  more  exact  than  similar  calculations 
'with  salient-pole  machines. 

I.  The  Operation  of  Cvi.indhicai.-fiei.d  Alternators 
fxuER  Steady  Short-circuit  Conditions. 

One  of  the  most  important  works  tests  carried  out  on 
alternating-current  generators  is  the  "short-circuit,''  or 
"impedance"  test.  The  chief  object  of  this  test  is  to 
determine  the  value  of  the  reactance  of  the  armature 
winding,  as  distinct  from  the  reaction  of  tlic  armature 
magnetomotive  force. 

The  method  commonly  employed  to  effect  this  separation 
i>  based  upon  the  fact  (hat,  on  short-circuit,  the  difference 
between  the  main  and  armature  magnetomotive  forces 
givci  rise  to  a  magnetic  flux,  )ust  sufficient  to  generate 
an  electromotive  force  equal  in  value  to  the  impedance 
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voltage-drop  in  the  armature  winding.  Thus,  in  Fig.  i, 
which  shows  the  open  and  short-circuit  characteristics 
of  an  alternator, 

OA  gives  the  value  of  the  main  M.M.F.  on  short- 
circuit  ; 

AB  the  value  of  the  armature  M.M.F.  on  sliort- 
circuit  ;  and 

O  B  the  unbalanced  M.M.F.  on  short-circuit. 

This  unbalanced  magnetomotive  force  serves  to  induce 
an  electromotive  force  B  C  in  the  armature  winding, 
and  the  impedance  of  the  winding  is  obtained  by  divid- 
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Fig.  I.- — Open-circuit  and  short-circuit  chArai tcriNtics  of 
an  alternator,  and  the  method  of  deducing  the  value 
of  the  reactance. 


ing  the  value  of  this  electromotive  force  by  the  value  of 

the  short-circuit  current,  A  D. 

In  a  previous   paper,     the  author  h.is  shown  that,  on 

short-circuit,  the  .irmature  .M.M.F.  closely  approaches  in 

value  the  main  M.M.K.,  for  cyluiHric.il-field  machines.     As 

a  result,  in  order  to  obtain  llieir  difference  with  any  degree 

iif  .accuracy,  it  is  absolutely  es>.ential  to  be  able  to  calculate 

the  values  of  these  two  M.M.F.\  with  great  exactitude. 

The  difficulty  of  obtaining  leliable  ligiires  for  the  reactance 

of   high-speed   alternators  from  the  measured   ch.ar.icter- 

•  A.  E.  Clavtoh  :  "  Tbc  W«vc  ShipM  nbialnlng  wilh  AllrnuUni  currant 
G«0(Talcm  under  Stc*(lx  Short  circuit  CondlUont,"  J«mni^  /.£,£.,  lyiii^ 
»ol,  54,  p.  (4. 
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istics  on  no-load,  and  short-circuit,  is  well  appreciated 
by  designers,  and  was  brought  forward  quite  recently 
by  Mr.  A.  B.  Field  during  the  discussion  of  his  paper '■■ 
on  "Some  Difliculties  in  the  Design  of  High-speed 
Generators." 

Now  the  short-circuit  test  on  an  alternator  is  such  that 
experimental  errors  should  be,  if  anything,  smaller,  rather 
than  greater,  than  for  other  tests.  The  characteristic  is 
a  straight  line,  and  the  value  of  the  current  in  the  armature 
winding  is  absolutely  uninfluenced  by  even  an  abnormal 
variation  in  speed.  It  would  appear,  then,  that  the  chief 
reason  for  the  unreliable  results  obtained  on  deducing 
the  value  of  the  reactance  from  the  measured  character- 
istics, is  to  be  found  in  the  employment  of  insufficiently 
e.xact  methods  for  the  calculation  of  the  various  magneto- 
motive forces  concerned. 

With  cylindrical-field  machines,  the  distribution  of  the 
exciting  winding  introduces  a  certain  degree  of  difficulty 
in  the  correct  estimation  of  the  effective  va'ues  of  the 
magnetomotive  forces  of  the  armature  and  field  windings. 
Various  methods  are  in  use,  some  of  them  having  a  logical 
basis  and  others  being  admittedly  empirical.  All  of  these 
methods  are,  without  doubt,  sufficiently  accurate  for 
ordinary  purposes  such  as  the  calculation  of  the  full- 
load  excitation.  Few  of  them,  however,  are  exact  enough 
to  permit  of  an  accurate  value  of  the  reactance  being 
deduced  from  the  magnetization  and  impedance  tests. 
The  curves  in  Fig.  2  show  the  manner  in  which  the 
ratio  of  the  armature  M.M.F.  to  the  main  M.M.F.  on 
short-circuit  depends  upon  the  reactance  of  the  winding, 
for  various  f  normal  M.M.F.  ratios. 

From  these  curves  it  will  be  seen  that,  in  the  case  of  a 
machine  having  a  normal  M.M.F.  ratio  of  unity,  an  error 
of  2  per  cent  in  the  estimated  value  of  the  armature  M.M.F. 
may  give  rise  to  an  error  of  20  or  30  per  cent  in  the 
deduced  value  of  the  reactance.  The  great  importance 
now  attached  to  the  value  of  the  internal  reactance  of 
large  high-speed  alternators  renders  it  very  desirable  that 
a  reliable  value  of  this  reactance  can  be  obtained  experi- 
mentally. Hence  it  is  very  desirable  that  an  e.xact  method 
of  calculating  the  value  of  the  equivalent  armature  M.M.F. 
shall  be  available,  and  that  the  only  errors  possible  in  the 
deduced  value  of  the  reactance  shall  be  such  experimental 
errors  as  are  unavoidable. 

In  a  previous  paper  (referred  to  above)  the  author  has 
published  the  results  of  oscillograph  tests  on  alternating- 
current  generators  working  under  steady  short-circuit 
conditions.  These  experiments  show  that  the  electro- 
motive force  induced  in  each  of  the  armature  conductors 
under  such  conditions  contains  very  pronounced  higher 
harmonics  ;  but  they  also  show  that  the  actual  current 
circulating  in  the  short-circuited  windings  does  not  depart 
appreciably  from  the  sinusoidal  form,  in  the  case  of 
modern  machines  with  cylindrical-field  systems.  (In  the 
case  of  single-phase  alternators  it  is  assumed  that  efficient 
amoriisseurs  are  provided.)  The  reasons  for  the  elimin- 
ation of  the  higher  harmonics  in  the  current  wave  are 
discussed  in  the  previous  paper  and  need  not  be  enlarged 
upon  here.  With  polyphase  machines,  the  amplitude  of 
the  most  important  of  the  higher  harmonics  in  the  current 

*  Journal  I.E.E.,  1916,  vol.  54,  p.  83. 

t  That  is,  the  ratio  of  the  main  M.M.F.  on  open  circuit  and  normal  voltage, 
to  the  armature  M.M.F.  on  full  load.  The  curves  in  Fig.  2  are  based  upon 
a  straight-line  magnetization  curve. 


wave  is  not  likely  to  be  more  than  2  or  3  per  cent  of  that 
of  the  fundamental,  and  its  effect  upon  the  virtual  value  of 
the  current,  as  indicated  by  the  ammeter,  is  thus  not  more 
than  >/( 1 00' -1-3')— 100,  per  cent,  i.e.  not  more  than 
o'°45  per  cent.  As  a  result,  the  current  obtained  on 
short-circuit  ma)',  even  in  cases  where  great  accuracy  is 
required,  be  taken  as  sinusoidal,  the  effect  of  the  higher 
harmonics  being  absolutely  negligible.  In  consequence, 
all  effects  tending  to  establish  higher  harmonics  can  be 
entirely  neglected,  and  only  those  tending  to  give  rise  to 
the  fundamental  harmonic  of  the  current  wave  need  be 
considered. 

With  cylindrical-field  machines,  uniformly  slotted,  the 
air-gap  reluctance  may  be  taken  as  being  constant  over 
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Fig.  2. — The  influence  of  the  value  of  the  reactance  upon 
the  ratio  (Main  JI.M.F.)  :  (.\rmature  M.M.F.)  on  short- 
circuit,  for  various  normal  M.JI.F.  ratios  (R). 


the  whole  pole-pitch.  On  normal  short-circuit  there  is  a 
complete  absence  of  magnetic  saturation,  so  that  the  flux 
distribution  and  the  M.M.F.  distribution  h.ave  the  same 
wave  shape,  and  it  is  permissible  to  deal  separately  with 
the  effects  of  each  of  the  harmonics  in  both  the  main  and 
the  armature  M.M.F.  distribution  wave-forms.  In  this 
respect,  cylindrical-field  alternators  permit  of  more  exact 
calculations  than  salient-pole  machines,  in  which  the  air- 
gap  under  the  pole  is  not  constant,  and,  in  addition,  the 
calculation  of  the  exact  effect  of  the  pole  fringe  presents  a 
certain  degree  of  difficulty. 

Such  a  method  of  treatment,  on  the  lines  of  that 
employed  by  Arnold  in  dealing  with  the  general  problem 
of  armature  reaction,  although  justified  in  the  particular 
case  under  consideration,  is  not  strictly  accurate  for  normal 
conditions  when  the  iron  parts  of  the  machine  can  no 
longer  be  regarded  as  being  unsaturated. 
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II.  The  Main  Magn-etomotive  Force. 

The  M.M.F.  distribution  of  a  oanccntnitcd,  full-pitch 
winding  is  of  the  rectangular  form  sliown  in  Fig.  30.  The 
Fourricr  scries  representing  this  wave-form  is  : 


'      -j  sin  fl  4-  -  sill  30+    sin  5  0  +  ...  j-    .   ( 
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In   this  series,  X  =  N,  I„  the  total   excitation   ampere- 
turns  per  pole  ■  ,in^  1  js  llie  actu.il  value  of  the  magneto- 
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*^'*'-   3- — Magnetomotive  force  distribution  wavc-lorm»  ; 
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motive  force  at  a  point  distant  by  0  electrical  radians  from 
the  origin. 

S»ich  a  winding  therefore  tend*  to  establish  magnetic 
fields  of  I,  3,  5,  7,  etc.,  times  the  normal  number  of  poles, 
and  of  i/i,  1/3,  1/5,  1/7.  «tc.,  times  Ihc  amplitude  of  the 
mam  harmonic. 


In  actual  practice  the  winding  is  not  concentrated,  but 
distributed  over  a  considerable  portion  of  the  pole-pitch. 
If  the  winding  were  distributed  perfectly  uniformly  over 
the  wound  portion  of  the  field  system,  the  M.M.F.  distri- 
bution would  be  of  the  trapezium  form  shown  in  Fig.  36, 
and  represented  by  the  Fourrier  series  : 
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In  this  series.  ^,  is  one-half  the  spread  of  tlie  winding, 
in  electrical  radians,  per  pole. 

The  reduction  in  the  importance  of  the  higher  harmonics 
in  the  case  of  the  distributed  winding,  compared  with 
that  of  the  concentrated  winding,  is  made  very  apparent 
by  considering  the  two  series  given  above. 

Surface  windings  being  quite  unsuitcd  to  modern  con- 
ditions, the  conductors  arc  actu-illy  distributed  in  slots,  and 
the  trapezium  wave  no  longer  strictly  represents  the  actual 
M.M.F.  distribution. 

As  a  first  approximation,  the  M.M.F.  due  to  the  con- 
ductors in  each  slot  may  be  considered  to  be  concentrated 
at  the  centre  line  of  the  slot.  The  M.M.F.  distribution 
will  then  be  of  the  "stepped"  form  shown  in  Fig.  y. 
This  "stepped"  form  is  obtained  by  combining  the 
required  number  of  rectangular  waves,  as  in  Fig.  3(J, 
displaced  respectively  by  an  angle  corresponding  to  one 
slot-pitch. 

This  wave,  with  rectangular  steps,  is  represented  by  the 
scries  "■  : 

.     4      NJ, 


■*-  .  — ^'-[(sin  ft/sin  y)  sin  0 

+  '  (sin  3  ^,/sin  3  y)  sin  3  0  + 
3 


-f    (sin  M /?,/sin»i  50sin  fiO-f. 
»i 


.}  .  ,3, 


In  this  series,  n  is  the  order  of  the  harmonic  ;  y  is  the 
angle  indicated  in  Fig.  y,  and  coi  responding  to  one-half 
of  a  slot-pitch. 

Thus  y=iH;\,  .nil 

where    Q,  is  Ihc  number  of  slot-pitches  per  pole  ; 
and        s,  is  the  number  of  slots  wound  per  pole. 

The  amplitudes  of  the  various  harmonics  in  this 
"stepped"  wave  arc  thus  obtaineil  by  multiplying  the 
amplitudes  of  Ihc  corresponding  liarnionics  in  the  rect- 
angular wave  by  the  factor  sin  n  jl,/(-«,  sin  n  7). 

In  a  similar  manner,  the  amplitudes  of  the  various 
harmonics  in  the  "stepped"  wave  arc  obtained  by 
multiplying  the  amplitudes  of  the  corresponding  har- 
monics in  the  trapezium  wave-form  by  the  factor 
fi  M(\  sin  n  y). 

Of  these  two  factors,  the  former  is  the  ordinary  "  dis- 
tribution factor"  m  common  use.  The  latter  is  also  of 
interest,  as  it  indicates  the  cfictt  of  placing  the  winding  in 
slots  upon  the  values  of  the  higher  harmonics,  and  thus 
alTords  an  indication  of  the  magnitude  of  the  spacing 
ripple. 

The  magnclomotive  force  due  to  each  slot  group  is  not, 

*   Tbr  malbclDttUcal  prvMif  ol  thti  »cHc»  It  f  ivon  in  tbc  Appenilit. 
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however,  concentrated  at  the  centre  line  of  the  slot,  but  is 
distributed  over  the  width  of  the  slot.  As  a  result,  the 
actual  M.M.F.  distribution  corresponds  more  closely  to 
that  of  the  uniformly  distributed  winding,  the  "steps"  in 
the  M.M.F.  wave  being  no  longer  rectangular,  but  inclined, 
as  in  Fig.  31/. 

The  general  case  of  a  wave  shape  of  this  type  is  worked 
out  in  the  Appendix.  For  all  ordinary  purposes,  how- 
ever, it  is  sufficient  to  take  the  M.M.F.  wave  illustrated,  in 
which  the  M.M.F.  due  to  each  slot  is  distributed  over  one- 
half  of  the  slot-pitch.  For  this  latter  M.M.F.  wave  the 
Fourrier  series  is : 

x  =  -  .         .   Nj   I^-;  (sin  f>c'cos  y)sin  9 

+  --(sin3  t'e/cos3  v')  sin  3  6 
3 

-f— (sin5  j9s/cos5  v)  sin  5  9  -f  .  .  .  j-.  .(4) 

In  this  series,  ;|/  is  the  angle  indicated  in  Fig.  31/,  and 
corresponding  to  one-quarter  of  a  slot-pitch.     Thus 

4-=i/Q,.7r/4.  =r/2 

The  amplitudes  of  the  various  harmonics  in  the  M.M.F. 
wave  shown  in  Fig.  31/  are  obtained  from  those  of  the 
corresponding  harmonics  in  the  rectangular  wave  (Fig.  3a) 
by  multiplying  by  the  factor  sin  n  f3J(ii  li^  cos  11  4')- 

Similarly,  the  amplitudes  of  the  various  harmonics  in  the 
actual  wave  shown  in  Fig.  31^  are  i/cos  11  tp  times  the, 
amplitudes  of  the  corresponding  harmonics  for  a  uniformly 
distributed  winding. 

Spacing  ripple.— From  the  series  given,  (3)  and  (4) 
the  amplitude  of  any  particular  harmonic  in  either  of  the 
two  stepped  M.M.F.  waves  can  readily  be  obtained.  It  is, 
however,  a  convenience  in  practice  to  resolve  the  actual 
M.M.F.  wave  into  : 

(i)  A  trapezium  distribution  form,  corresponding  to 
the  case  of  a  perfectly  distributed  winding,  having 
the  same  spread  ; 
and  (2)  A  spacing  ripple,  due  to  the  winding  being  placed 
in  slots. 
The  wave-forms  of  the  two  spacing  ripples  correspond- 
ing to  the  waves  indicated  in  Figs.  3c  and  3</  are  shown 
in  Figs.  4a  and  46  respectively. 

The  Fourrier  series  representing  the  spacing  ripple  is 
obtained,  simply,  from  the  difference  between  the  series 
representing  the  actual  M.M.F.,  and  tliat  representing  the 
corresponding  uniformly-distributed  winding. 

Case  I. — Ripple  as  in  Fig.  4a.  Harmonic  analysis  of 
spacing  ripple  : 


4 

71 


(sin^e/sin  y)  .  sin  8 


+  -  (  sin  3  fijsm  3  y)  sin  3  9  +    .   .   .  j- 

4    N,  L  r  I 

-      •  -y-)  SI"  P'  sm  e  +  -  sin  3  A  sin  3  9 
t  .  N,  ]Jsin  P,  (  — I —  -  -  )  sin  9 


■} 


+  -sin  3ft 


( — ^ V)sin30  +    .    .   .   \  ..  (5 


The  amplitude  of  the  iith  harmonic  in  the  spacing  ripple 
is  thus  : 

-  .  N,  I,/ \ —  ~-\  sin  n  ft 

The  case  of  the  fundamental  harmonic,  and  that  of 
those  of  the  {2Q, -1-  i)th  and  the  (2Q,  —  i)th  orders,  are 
of  particular  interest.    Expressed  in  terms  of  the  amplitude 
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Fig.   4(a). — Spacing   ripple   corresponding   to   Fig.    3(c). 

of  the  fundamental  harmonic  of  the  trapezium  wave-form 
these  harmonics  in  the  spacing  ripple  have  the  following 
values  : 

Fundamental  harmonic  of  spacing  ripple 

•[i/(5csin  7  )  —  lift  y  .  100,  per  cent 
(2  Qc  +  i)th  harmonic 

=  —  2(Qi  +  i)/(2  Qc  +  i)-  .  100,  per  cent 
(2  Q,  —  i)th  harmonic 

4=  —  2(Qe  —  i)/(2  Qc  —  i)= .  100,  percent 

The   total   value   of  the  amplitudes  of  the  (2Q,  +  i)th, 
and  the  (2©,—  i)th,  harmonics  in  the  stepped  M.M.F. 


t 

w^ — wv 


I 


Fig.  4(6). — Spacing  ripple  corresponding  to  Fig.  3(d). 

wave  are  thus  — 1/(2  Q^+i),  and  —  1/(2  Q, —  i),  respec- 
tivelj',  of  the  value  of  the  fundamental   harmonic. 

The  proofs  of  the  above  expressions  are  given  in  the 
Appendix. 

Case  2. — Ripple  as  in  Fig.  46.  Harmonic  analysis  of 
spacing  ripple  : 


41  r 

!■=-.--   .  Nf  le  -i  (sin  ft./cos  y/)  sin  9 
71      pe  t. 


-f  -  (sin  3  ft/cos  3  v  )  sin  3  9  + 


■} 


.  —  .  N«  I«  ■{  sin  ft  sin  9  -f  -  sin  3  ft  sin  36  -r  .  .  r 

ji     ft  L  9  J , 

41  r 

=  -  .  —  .  Ne  If .{  (i  /cos  If  —  i)  sin  ft  sin  fl 
31      p-  I.     ■ 

(6) 


+  -  (i/cos  3  V  —  i)  sin  3  ft  sin  3  9  -f 
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The  amplitode  of  the  nth  harmonic  in  this  spacing  ripple 
is  thos  : 

-  .  — ry  .  N,I,J  (i/cosn  V  —  i)  sin  w  /J,  J. 

In  terms  of  the  fundamental  harmonic  of  the  trapezium 
wave  the  x-alues  of  the  amplitudes  of  the  following 
harmonics  in  the  spacing  ripple  thus  become  : 

Fundamental  harmonic  of  spacing  ripple 

=  (I,  cosy  —  i)   loo,  per  cent 


-  .  loo,  per  cent 


3*0; 


loo,  per  cent 


(jQ.  +  ilth  harmonic  4= -r- ,  ■  loo,  percent 

where  v  =  ',Q«-"'A- 

(2Q,—  i)th  harmonic  4=  —  ,{*"—',  •  loo,  per  cent 

(2Q«-i)' 

The  values  of  these  particular  harmonics  in  the  spacing 
ripple  thus  reduce  to  very  simple  expressions. 

The  total  value  of  the  (2  y,  +  i)th  and  the  (2Q,-i)th 
harmonics  in   the   stepped  wave  shown   in    Fig.   31/  are 

T.\ULE    I  A. 

Harmonic  Analysis  of  the  U.M.F.  Wave-forms,  as  in  Fig.  y, 
for  |p,=  15,  and  5,=  10  and  12,  rcspectirely. 


AmpUludc  of  Hannook 


Order 
Har- 

HMOiC 


TnpcstBfn 

Ware 

I 

loaroo 

3 

0 

5 

— ^4-00 

7 

204 

9 

0 

II 

-083 

'3 

059 

•5 

0 

'7 
«9 
21 

23 
»5 
*7 
»9 
3« 
33 
35 
37 
39 


—034 

028 

o 
—01 9 

01 6 

o 

— 0-|2 
O'lO 

o 
—  o  o>4 
007 
O 


SpacinR 


0-18 
o 
-019 

0'20 
O 
-0-2I 
023 

o 

-0'29 

"■32 

o 

-049 

o 

-3-33 
-3-3* 

O 

-040 
o 


\7r 

Wave 

ioo-i8 

100  00 

0 

-«-86 

-419 

0 

224 

126 

0 

—  1-24 

—104 

083 

082 

— o'36 

0 

0 

—063 

021 

060 

—0-28 

0 

023 

-068 

— oil 

0-84 

0 

0 

009 

-345 

— 0-I2 

-322 

O'lO 

0 

— 0'o6 

ofio 

0 

-033 

0-05 

0 

—007 

Ripple 


0-18 

-o'i4 
o 

0°I2 

-0'20 

02 1 

-o'i4 
o 

018 

-o'3* 
0-69 

-03» 
o 

068 

-3;33 

069 
o 

-0-31 
040 


Total 


10018 
-700 

o 

1-38 

— «44 
1-04 

—0-50 
o 

«>'39 
— o'6o 

0'62 

—0-42 
o 
077 

-3  45 

o 

—O'lft 

033 


Ihnt  -40./{»(»0,+  i)')  and    -  ^Q.l  {w(2Q,  -  t)'} 
respectively  of  the  value  of  the  fundamental  harmonic 

The  prooft  of  the  above  cxprcs»ions  are  given  in  the 
Appendix. 

I'  w"  '  '  .1  normal  machine 

can  the  «;  lilts  of  orders  that 


are  absent  in  the  trapezium  wave  corresponding  to  the 
same  spre.id.  The  effect  of  spacing  the  winding  m  slots  is 
simply  to  modify  the  value  of  harmonics,  which  would 
be  present  if  the  winding  were  uniformly  distributed  over 
the  same  portion  of  the  pole-pitch,  and  in  certain  cases  to 
alter  the  sign  of  some  of  the  harmonics.  The  sign  of  the 
harmonic  is  changed,  in  the  case  of  the  ripple  in  Fig.  4a 
when  sin  n  >  is  negative,  and  in  the  case  of  the  ripple 
in  Fig.  46  when  cos  n  J-  is  negative.  This  corresponds, 
in  both  cases,  to  all  the  harmonics  from  the  (2Q,  +  i)th  to 
the  (4Q, —  i)lh  inclusive. 

The  case  of  a  rotor  slotted  so  that  Q,=  15,  and  s,  =  10 
and  12  respectively,  h.as  been  worked  out  for  l>oth  types 
of  spacing  ripples,  and  the  results  arc  given  in  Tables 
I A  and  IB.  These  Tables  show  clearly  the  relative 
importance  of  the  \-arious  harmonics. 

The  fundamental  harmonic  of  the  spacing  ripple  is  thus 
very  sm.ill,  in  particular  for  the  case  of  the  ripple  shown  in 
Fig.  46,  which  corresponds  very  closely  to  the  conditions 
actually  obtaining  in  practice.  The  amplitude  varies 
inversely  as  the  square  of  the  number  of  slot  pitches  per 
pole,  and  the  large  values  obt.iining  for  this  latter  number 
result  in  the  spacing  ripple  being  well  less  than  o'2  per  cent 
of  the  fundamental  harmonic  of  the  trapezium  wave-form. 

Table  ib. 

Harmonic  Analysis  of  the  M.M.F.  H'are-form,  as  in  Fig.  3</, 
for  t\^  'Si  Olid  s,=  10  and  I2,  respectively. 

AnpUtude  of  Hannoaic 
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of 


I 
3 
5 
7 
<) 
II 

'3 
>5 
«7 
>9 
21 

23 
»S 
*7 
29 

3« 
3i 
35 
37 
39 
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Kipplc 

lOO'^O 

014 

0 

0 

-400 

-014 

2'04 

0 

015 
0 

—0-83 

—01 6 

0-59 
0 

017 
0 

—0-34 

— 0"2I 

0-28 

023 

0 

0 

—0-19 
o'i6 

-0-33 
0-46 

° 

0 

'  -oia 

-216 

o-io 

— 2'IO  , 

0 

0         1 

— o-o8 

040  j 

0-07 
0 

-0-28  ! 
0 

Tulal       .  , 


idng 


tt' 


Total 


100-14 
O 

-4' '4 

2*19 

o 
— o^S 

076 

o 
— 0-5S 

05 ' 

o 
-052 

0'i2 

o 

-2-2S 
—  2'00 

o 
0-32 

— 0-2I 
O 


lOO'OO 

— 6-8^> 
o 

1 26 
-1 24 

083 

—0-36 

o 

0-2I 
— 0-2« 

023 
^O'l  I 

o 
o"09 

—  0-I2 
O'lO 

— o"o6  I 

°    I 

0*05 
— o-i>7 


0-14 
-0-84 
o 
ox>9 

-OK 

o'i6 

-O'lO 

o 
013 

-0-23 
0-27 

-0'2I 
O 

-216 
-2'IO 

0*43 

O 

-©•I7 

0-2I 


100-14 
—6-94 

o 

'•35 

-1-39 
0-98 

—0-46 
o 

034 
-0-51 

0-50 
—0-32 

—  2-00 
0-36 

o 

— 0-I2 
0*14 


Further,  the  spacing  ripple  in  the  arm.itiirc  M.M.F.  will 
also  contain  a  small,  |>oMtive,  lund.imenlal  harmonic.  So 
that  the  error  introduced  by  omilling  cnlirciv  the  fun- 
damental harmonics  of  the  spacing  ripples  of  both  the  main 
and  the  .irinaturc  magnetomotive  forces  will  be  quite 
negligible. 
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Hence,  so  far  as  the  fundamental  harmonic  is  concerned, 
the  spacing  ripple  can  be  entirely  neglected  and  the  value 
of  the  fundamental  harmonic  of  the  trapezium  wave  may 
be  taken  as  sufficiently  accurate,  even  for  purposes  where 
great  exactitude  is  required. 

So  far  as  the  higher  harmonics  in  the  main  M.M.F.  dis- 
tribution are  concerned,  although  their  magnitude  is 
relatively  small  in  terms  of  the  fundamental,  in  the  result- 
ing M.M.F.,  due  to  the  combined  action  of  the  main  and 
armature  magnetomotive  forces,  their  importance  is  con- 
siderably enhanced.  This  is  due  to  the  fact  that  the  chief 
effect  of  the  reaction  of  the  armature  M.M.F.  is  to  reduce 
the  magnitude  of  the  fundamental  harmonic.  This  point 
is  fully  discussed  in  the  previous  paper  '■'■  by  the  present 
author  on  the  operation  of  alternators  under  steady  short- 
circuit  conditions. 

As  a  result,  the  electromotive  force  induced  in  the 
individual  armature  conductors  contains  higher  harmonics 
of  very  important  magnitudes.  Nevertheless,  the  spread 
of  the  armature  winding  causes  a  great  reduction  in  the 
importance  of  the  higher  harmonics  in  the  total  electro- 
motive force  induced  in  the  armature  winding.  Further, 
the  great  reactance  of  the  winding  to  currents  of  high 
orders  assists  in  reducing  the  higher  harmonics  in  the 
current  wave  on  short-circuit  to  an  absolutely  negligible 
amount.  So  that  the  current  wave  does  not  depart  appre- 
ciably from  a  pure  sine  wave,  and  the  higher  harmonics 
do  not  influence  tlie  reading  of  the  ammeter. 

Hence,  as  the  higher  harmonics  cannot  conceivably 
influence  the  value  of  the  fundamental  harmonic,  their 
effect  can  be  entirely  neglected  in  M.M.F.  calculations 
for  cylindrical-field  alternators  under  steady  short-circuit 
conditions. 

As  a  result,  in  dealing  with  calculations  of  the  main 
M.M.F.  of  a  cylindrical-field  alternator  working  under 
steady  short-circuit  conditions,  the  spacing  ripple  can  be 
entirely  neglected  and  tlie  M.M.F.  may  be  taken  as  being 
equivalent  to  one  of  sinusoidal  distribution.  The  ampli- 
tude of  this  equivalent  sinusoidal  M.M.F.  is,  simply,  the 
amplitude  of  the  fundamental  harmonic  of  the  trapezium 
wave-form  representing  the  case  of  a  perfectly  distributed 
winding,  corresponding  to  the  actual  spread  of  the 
exciting  winding. 

Thus,  the  amplitude  of  the  equivalent  sinusoidal  M.M.F. 
for  the  main  exciting  winding 

=  4^sinftj,^^^ 

31  Pe 


III.  The  Arm.\ture  Magnetomotive  Force. 

The  armature  winding,  as  in  the  case  of  the  main 
exciting  winding,  is  distributed  in  slots  over  a  fair  pro- 
portion of  the  pole-pitch  for  each  phase.  As  a  result,  the 
magnetomotive-force  distribution  wave-form  of  each  phase 
has  a  spacing  ripple,  just  as  in  the  case  of  the  field  winding. 
No  measurable  error  will,  however,  be  introduced  if  this 
spacing  ripple  is  entirely  neglected  and  the  winding  is 
taken  as  being  uniformly  distributed.  Moreover,  the 
slight  error  introduced  by  neglecting  the  effect  of  the 
spacing  ripple,  in  the  case  of  the  armature  winding,  would 

•A.  E.  Clayton:  "The  Wave  Shapes  obtaining  with  Alternating-current 
Generators  under  Steady  Short-circuit  Conditions,"  Journal  I.E.E.,  J916, 
vol  34.  P-  84. 


simply  neutralize  the  equally  slight  error  introduced  by 
omitting  the  ripple  in  the  case  of  the  main  exciting 
winding. 

.A.t  first,  attention  is  confined  to  the  case  of  normal  full- 
pitch  windings,  fractional  pitch  windings  being  dealt  with 
later.  It  is  further  assumed  that,  in  the  case  of  single- 
phase  machines,  efficient  amortisseurs  of  the  squirrel-cage 
type  are  provided,  and  that,  in  the  case  of  polyphase 
machines,  the  phases  are  balanced. 

(i)  Single-phase  machines. — The  resulting  M.M.F.  distri- 
bution for  a  single-phase  armature  winding  is  of  exactly 
the  same  type  of  wave-form  as  for  the  main  exciting 
winding,  with  cylindrical-field  machines.  The  M.M.F., 
however,  instead  of  being  constant,  alternates  in  step  with 
the  armature  current.  Now  this  armature  current  on 
short-circuit  is  almost  a  pure  sine  wave,  and  the  relatively 
small  higher  harmonics  present  serve  simply  to  influence 
the  value  of  the  higher  harmonics  in  the  electromotive 
forces  induced  in  the  various  windings.  Since  all  effects 
which  do  not  influence  the  v'alue  of  the  fundamental 
harmonic  of  the  current  wave  can  be  entirely  neglected,  it 
follows  that  the  armature  current  may  be  taken  to  be  a 
pure  sine  wave,  and  that  the  amplitude  of  the  trapezium 
wave-form  representing  the  armature  M.M.F.  may  b& 
taken  to  vary  periodically  according  to  a  sine  law.  The 
series  representing  the  M.M.F.  distribution  of  the 
armature  winding  is  therefore  : 


4      Ni    r    .        a     ■       n      I      I      ■ 

V  =  — r-4  sm  ^  sin  9  +  -  sm  3  fi sin  5  D 


In  this  expression, 


-L—  sin5  /SsinsO  +   , 
25 


} 


;8  =  one-half  the  spread  of  the  armature  winding,  in 
electrical  radians,   and   is   therefore   equal    to 

(s/Q)  W2  ; 
I  =  the  value  of  the  armature  current  at  any  instant, 
as  given  by  ;  =  I„jx.  sin  w  t,  where  !„„.  is  the 
maximum  value  of  the  sinusoidal  armature 
current,  i.e.  I„ax.  =  I  V-  > 
and  y  :=  the  value  of  the  armature  M.M.F.  at  a  point 
distant  by  9  electrical  radians  from  the  origin, 
at  the  instant  when  the  current  is  equal  to  /. 

The  armature  current  thus  tends  to  establish  alternating 
magnetic  fields  of  one,  three,  five,  etc.,  times  the  normal 
number  of  poles,  all  of  sinusoidal  distribution  and  all 
alternating  at  normal  frequency  in  step  with  the  armature 
current. 

According  to  a  well-known  theorem,  each  of  these 
alternating  magnetomotive  forces  can  be  exactly  repre- 
sented by  two  constant,  rotating,  components,  each  equal 
in  magnitude  to  one-half  of  the  maximum  value  of  the 
alternating  M.M.F.  represented,  and  rotating  at  synchro- 
nous speed  in  opposite  directions.  These  constant, 
rotating,  components  will  be  of  sinusoidal  distribution. 

With  the  fundamental  harmonic,  the  normally  rotating 
component  moves  in  step  with  the  main  exciting  wind- 
ing, and  acts  simply  as  a  back  magnetomotive  force 
of    sinusoidal    distribution    and    of    amplitude   equal    to 


0-5  X 
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The  inverse  rotating  component  moves  backward  re- 
latively to  the  magnet  system,  at  twice  normal  speed. 
It  therefore  induces  currents  of  twice  the  normal  fre- 
quency in  the  amortisseurs,  which  currents  compensate 
exactly — with  perfect  damping — the  action  of  the  inverse 
component  and  prevent  it  from  acting  upon  the  main 
exciting  winding,  and  from  thence  reacting  upon  the 
armature  winding.  This  inverse  rotating  component 
therefore  exercises  no  eflfect  upon  the  value  of  the 
current  circulating  in  the  armature  winding,  and  need 
not  further  be  considered. 

With  the  higher  harmonics  of  the  M.M.F.  distribution, 
both  the  normal  and  inverse  rotating  components  move 
backwards  relatively  to  the  magnet  system,  at  speeds  of 
(1  ±  i/n)  of  the  speed  of  the  rotor — the  components  of 
the  third  harmonic  at  j'3  and  4/3  of  normal  speed,  and 
so  on.  These  magnetomotive  forces  corresponding  to 
fields  of  n  times  the  normal  number  of  poles,  electro- 
motive forces,  and  currents  of  two,  four,  six,  etc.,  times 
the  normal  frequency  are  set  up  in  the  amortisseurs, 
which  currents  thus  completely  compensate  the  action 
of  the  higher  harmonics  in  the  M.M.F.  wave  of  the 
armature. 

The  higher  harmonics  in  the  M.M.F.  distribution  wave 
of  the  armature  thus  have  no  effect  upon  the  value  of 
the  armature  current  on  short-circuit,  and  therefore  can 
be  omitted  in  all  calculations  concerned  therewith. 

As  a  result,  for  a  compensated  single-phase  cylindrical- 
field  alternator  working  under  steady  short-circuit  condi- 
tion', the  effect  of  the  armature  reaction  may  be  taken 
as  equivalent  to  a  steady  sinusoidal  M.M.F.  of  one-half 
the  maxmium  value  of  the  fundamental  harmonic  of  the 
actual  alternating  M.M.F.,  and  rotating  in  synchronism 
with  the  main  exciting  winding. 

Thus,  the  amplitude  of  the  equivalent  sinusoidal  M.M.F. 
for  the  armature  winding,  with  single-phase  machines 

4   sin  3    ... 

(2)  Tuv-fihase  maihincs. — As  with  single-phase  machines, 
each  phase  of  the  armature  gives  rise  to  an  alternating 
M.M.F.  of  trapezium  distribution-form  and  alternating  in 
step  with  the  current.  The  armature  currents  being 
!iinusoidal,  the  M.M.F.  distribution-forms  of  the  two 
phases  at  any  instant  nviy  be  represented  by  the  two 
M-rics  : 

M.M.F.  due  to  phase  1  : 

-•"    /» 

where  N  is  the  number  of  turns  per  phase,  per  pole. 
M.M.F.  due  to  phase  2  : 


> 


vl  '^  sin  /}  sin  0  ;     sin  3  ^  sin  3  0  4- . .  >• 


y'—n" 


4     NIV* 


Cr«  Wt 


{ 


Sin  y/cosO-f -sin  3  ^co83  0-f 


•■} 


where  /*  =  »'4. 

The  magnetomotive  force<t  of  the  two  phases  arc  dis- 
placed by  one  <|iMrlcr  of  a  period  in  time,  and  by  one- 
quartet  of  the  (lotilile  pole-pitch  in  space. 

The  retultiiig  M  M.F.  at  any  point  distant  9  from  the 
oriKin  O  can  be  obtained  by  summing  the  above  two 
series. 


The  resulting  M.M.F.  distribution  for  the  joint  action 
of  the  two  phases  can  be  obtained  by  considering 
separately  the  various  harmonics  and  resolving  each  of 
them  into  its  two  rotating  components. 

In  the  c.ise  of  the  lundamental  harmonics,  the  normal 
rotating  components  for  the  two  phases  are  in  exact 
conjunction,  as  shown  in  Fig.  5.  On  the  other  hand, 
the  inverse  rotating  components  are  in  exact  opposition, 
so  that  the  inverse  component  of  the  one  phase  is  exactly 
neutralized  by  that  of  the  other.  As  a  result,  so  far  as 
the  fundamental  harmonics  are  concerned,  the  joint  effect 
of  the  two  phases  is  to  produce  a  synchronous  rotating 
M.M.F".  of  sinusoidal  distribution  and  in  opposition  to 
the  main  exciting  M.M.F.     The  amplitude  of  this  steady 

sinusoidal  M.M.F.  is  i  x  ~-  N  I  n/2. 

VoT  the  third  harmonics,  the  displ.-icemcnt  between  the 
windings  corresponds  to  3  ir/2  radians  in  space,  whereas 


Fic.    5. — Resultant    M.M.F.   due   to   a  two-phase  system  ; 
sinusoidal  distribution  and  sine  currents  assumed. 

O  A   and   O   U  are  values  of  M.M.F. 's  due   to  phases   I 

and   II  respectively  ; 
<)  C   and   O  K  are  the   normal   (clockwise)  rotating  com- 

ponoiits   of  phases   I   and    II   rospcctivrly  ; 
<)   I)   .tikI   O  ]•'   arc   the   inverse   (anticlockwise)  rotating 

components  of  phases   I   and    II    res|H-ctivcly  : 
U  K  i'<  the  resultant,  constant  (clockwise),  rotating  M.M.F. 

the  time  displacement  between  the  two  currents  is  still 
one-quarter  of  a  period.  Hence  the  displ.icemeiit  between 
the  normal  rotating  components  for  the  third  harmonics 
is  3  ir/i — ir/2  =  «•,  and  hence  the  components  arc  in 
exact  opposition  and  neutralize  each  other.  With  the 
inverse  rotating  compunenls,  however,  the  displacement 
is  3  ir/2  —  (—  «•,  2),  i.e.  =  2  w,  and  hence  the  inverse  rotating 
components  of  the  third  harmonics  of  the  two  pluses 
are  in  conjunction.  Asa  result,  the  joint  effect  o(  the  third 
harmonics  in  the  M.M.F.  distribution-forms  of  the  arma- 
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ture  windings  on  a  two-phase  machine  is  equivalent  to 
an  M.M.F.  of  sinusoidal  distribution,  and  constant  ampli- 
tude, rotating  in  the  opposite  direction  to  the  main 
exciting  winding  at  one-third  of  normal  speed. 

So  far  as  the  rotor  is  concerned,  then,  the  third  har- 
monics are  equivalent  to  an  M.M.F.  of  3  times  the  normal 
number  of  poles,  moving  backward,  relatively  to  the  rotor, 
at  4/3  of  normal  speed.  Electromotive  forces  and  currents 
of  4  times  the  normal  frequency  will  therefoie  be  induced 
in  the  amortisseurs,  if  any,  or,  in  the  absence  of  proper 
amortisseurs,  in  the  rotor  iron  and  the  main  e.xciting 
winding.  Generally,  the  construction  of  cylindrical-field 
machines  is  such  that  an  efficient  damping  action  is  set 
up  and  the  e.xciting  winding  is  screened  from  the  effect 
of  the  third  and  higher  harmonics.  If,  however,  the 
damping  action  is  negligible,  the  fluctuations  in  the 
exciting  current,  of  4  times  the  normal  frequencv,  will 
give  rise  to  third  and  fifth  harmonics  in  the  armature 
current  wave  on  short-circuit,  and  the  virtual  value  of  the 
current  may  be  affected  by  perhaps  one-half  per  cent  or 
more. 

With  the  fifth  harmonics  of  the  M.M.F.  waves  due  to  the 
two  phases,  the  two  normal  rotating  components  are  in 
conjunction  and  the  inverse  components  in  opposition. 
The  resulting  rotating  M.M.F.,  of  sinusoidal  distribution, 
due  to  the  hfth  harmonics  in  the  M.M.F.  waves,  therefore 
moves  at  one-fifth  of  normal  speed  in  the  normal  direction. 
The  fifth  harmonics  therefore  also  tend  to  establish  currents 
of  4  times  the  normal  frequency  in  the  rotor  iron  and 
windings. 

Similarly  the  seventh  and  ninth  harmonics  in  the  M.M.F. 
waves  tend  to  induce  currents  of  8  times  normal  frequency 
in  the  rotor  circuits,  and,  unless  the  damping  is  efficient, 
currents  of  the  seventh  and  ninth  orders  will  be  induced 
in  the  armature  winding — and  so  on. 

The  higher  harmonics  in  the  M.M.F.  distribution,  there- 
fore, serve  simply  to  provide  the  irregularities  in  the  actual 
rotating  M.M.F.  produced  by  the  joint  action  of  the  two 
phases  ;  the  effect  of  these  irregularities  is  neutralized  by 
the  currents  induced  in  the  rotor  iron,  slot  wedges,  etc., 
and  they  have  no  appreciable  effect  upon  the  value  of  the 
short-circuit  current  of  cylindrical-field  alternators  of 
normal  construction. 

As  a  result,  for  a  two-phase  cylindrical-field  alternator, 
the  effect  of  the  armature  reaction  may  be  taken  as  due 
simply  to  the  combined  effect  of  the  two  normally  rotating 
components  of  the  inndamental  harmonics  in  the  M.M.F. 
distribution-forms  of  the  two  phases.  The  reaction  is  thus 
equivalent  to  a  steady  sinusoidal  M.M.F.,  equal  to  the 
maximum  value  of  the  fundamental  harmonic  of  the  M.M.F. 
due  to  one  phase,  and  is  in  opposition  to,  and  rotating  in 
synchronism  with,  the  exciting  winding. 

Thus,  amplitude  of  the  equivalent  sinusoidal  M.M.F.  for 
the  armature  winding  with  two-phase  machines 

4      sin  B 
n         p 

(3)  Three-phase  machines. — Proceeding  on  similar  lines 
to  those  adopted  in  dealing  with  two-phase  machines,  the 

•  Since  /3=jr,  4,  for  a  normal  two-phase  winding,  the  espression  for  the 
amplitude  of  the  equivalent  sinusoidal  M.M.F.  reduces  to  -    N  I.     It  is  con- 

veoient,  however,  to  retain  the  same  type  of  formula  as  the  one  holding  good 
for  single-phase  machines. 


M.M.F.  distribution-forms  of  the  three  phases  at  any  instant 
may  be  represented  by  the  three  series  : 


M.M.F.  due  to  phase  i  : 

=  -X — ■~smlwt+       j^sin /?sin  fe-^ j 

-)-^sin3i3sin3(9  +  y)+  .  .  .| 
M.M.F.  due  to  phase  2  : 


4      NIV2 


in  w.'-l  sin  /i  si 


v,^-  X  — zr^ — sin  w.'-!  sin  h'sin  9+    sin  ^  .'Jsin  ?  0+  . .  .  ;- 


M.M.F.  due  to  phase  3  : 

4     N  I-v/2        /  2  7T\  r  .  ,    /       2  ji\ 

V3  =  -x— -^ — sm^a;<-— J|sin^sm(^0-    -j 

-f%in3/Ssin3(0-^^)+  .   .  .| 

The  magnetomotive  forces  of  the  three  phases  are  dis- 
placed, respectively,  by  one-third  of  a  period  in  time,  and 
by  one-third  of  the  double  pole-pitch  in  space,  and,  for  a 
normal  winding,  fi  =  a-/6. 

Again  the  effects  of  the  various  harmonics  in  the  M.M.F. 
forms  can  be  considered  separately. 

With  the  fundamental  harmonics  the  normal  rotating 
components  are  exactly  in  step,  so  that  their  effects  add 
up.  The  inverse  rotating  components  are,  however,  dis- 
placed respectively  by  2  n-/3  radians,  so  that  their  joint 
effect  is  zero.  As  a  result,  so  far  as  the  fundamental  har- 
monics are  concerned,  the  joint  effect  of  the  three  phases 
is  to  produce  a  synchronous  rotating  M.M.F.,  of  sinusoidal 
distribution  and  in  opposition  to  the  main  M.M.F.     The 

amplitude  of  this  sinusoidal  M.M.F.  is  1-5  X  "^  •  ^^  N  I  s/2. 

So  far  as  the  higher  harmonics  are  concerned,  there  is  no 
great  difference  from  the  case  of  two-phase  windings,  with 
the  important  exception  of  the  action  of  the  harmonics  of 
the  third  orders.  The  space  displacement  between  the 
windings  corresponds  to  3  x  2  7r/3.  i.e.  2v  radians  for  the 
third  harmonics.  That  is,  the  axes  of  these  magnetomotive 
forces  are  the  same  for  all  three  phases.  The  algebraic 
sum  of  the  currents  in  the  three  phases  being  zero  at  every 
instant,  the  joint  effect  of  all  harmonics  of  the  third  order 
is  therefore  zero. 

It  is  due  to  this  neutralizing  of  the  third  harmonics  that 
the  rotating  M.M.F.  produced  by  a  normal  three-phase 
winding  is  more  uniform  than  that  due  to  a  two-phase 
winding. 

The  effect  of  the  higher  harmonics  in  the  M.M.F.  dis- 
tribution wave-forms  is  so  small  with  three-phase  machines 
that,  even  if  the  rotor  is  not  provided  with  anything  in  the 
nature  of  amortisseurs,  the  higher  harmonics  have  no  effect 
of  any  practical  importance  upon  the  value  of  the  short- 
circuit  current. 

As  a  result,  for  a  three-phase  cylindrical-field  alternator 
the  effect  of  the  armature  reaction  may  be  taken  as  equiva- 
lent to  a  steady  sinusoidal  M.M.F.,  equal  in  magnitude  to 
I'S  times  the  maximum  value  of  the  fundamental  harmonic 
of  the  M.M.F.  for  one  phase,  in  opposition  to  and  rotating 
in  synchronism  with  the  exciting  winding. 


74 


CLAYTON  :    MAGNETOMOTIVE   FORCE   CALCULATIONS   FOR 


Thus,  the  amplitude  of  the  equivalent  sinusoidal  M.M.F. 
for  the  armature  winding,  with  threc-phab-c  machines 

4      sin  ^  XT  I    / 


IV.    PkACTICJVL   AlTI-ICATlOS. 

In  the  above  it  has  been  shown  that,  so  far  as  the  value 
of  the  short-circuit  current  of  cylindrical-field  alternators 
is  concerned,  the  effects  of  the  magnetomotive  forces  of 
the  armature  windings  and  of  the  exciting  windings  are 
the  same  as  those  of  sinusoidal  distribution  having  the 
following  amplitudes  : 

4     sin  p. 
Main  excitine  winding  -  ^  -  ;r    ^t^e 

n        P, 

Armature  winding  : 

^.     .      .  4     sin  /?„ ,    , 

Single-phase 0-5  x  -  x  -  .-  N  1  \/2 

~         ,  4     sin  ^  -  -  -    . 

Two- phase I  ox     x-       Nlva 

Tu          u  4      sin  ^  „ , 

Threc-phas? r5X     x —    -  N  I.v/2 

These  expressions  could  be  used  as  they  stand.  It  is, 
however,  of  great  convenience  in  practice  to  work  in 
terms  of  N,  I,,  the  actual  total  value  of  the  ampere-turns 
of  the  field  winding,  and  to  obtain  an  "  equivalent  value  " 
for  the  armature  M.M.K. 

These  equivalent  values  are  obtained  simply  by  divid- 
ing the  value  of  the  amplitude  of  the  M.M.F.  concerned  by 

the  factor  -  x  — ^  and  become  : 

Main  extension  winding     .     .     N,  I, 
Armature  winding  : 

Sincle-phase 05     '.    .  N  I'\/2 

p     sm  Pf 

^  ,  /?«    sin  ^  » 

Two-phase 1  o  „  .  - — -  N  IV-s 

P      sm  p. 

Three-phase.  .     i  5  (!' •  ^'"  I!  N  K/2 

•^  ^  p     sin  p,         ^ 

In  working  out  the  value  of  the  ratio  of  the  winding 
factors  it  is  immaterial  whether  li,  and  /J  arc  taken  in 
laduins  or  in  degrees. 

For  three-phase  windings;  ^  =  n/6  =  3o"' ;  sin  /J=o*5oo  ; 
For  two-phase   winrlings  :  /?  =  jr/4  =45°;  sin  ^=0-707; 
For  !iingle-|)lia»e,  z/^  wind- 
ings    .  .  p  =  nli=(»°;   sin  ^=o-86G. 

The  "equivalent  jprcad  factor"    ,  .  *"'"  ',    can   thus  be 

fi      sin/<, 

readily  calculalc<l  fi>r  any  given  spread  of  the  main 
csritin;'  winding.  Table  j  gives  the  results  of  such 
<  for  cxciliiig  windings  of  spreads  varying  from 

4  .  'nd  Kig.  (<  gives  the  results  in  a  form  suitable 

for  u>c  ill  a  design  office. 

A  further  simplittcalion  is  possible  by  basing  the  calcu- 
lation of  the  armature  M  M.F.  u|><m  the  value  of  the  total 
amperc-lurn*  per  pole  nii  the  armature,  rather  than  the 
value  per  plia»c  of    the    winding.     It    is   then    no   longer 


necessary  to  have  different  constants  (i,  2,  and  3)  when 
dealing  witli  single-,  two-,  and  three-phase  windings. 

The   value  of   the  equivalent    armature    M.M.F.    may 
be  expressed  thus : 

Armature  M.M.F.  per  pole 

=  |o'25  ^'  .  *"'  -y/2\  X  ampere-conductors  per  pole 

.  .  .  ampere-turns, 
^  K,  X  ampere-conductors  per  pole  .    .   .  ampere- 
turns. 

Let  r  ^  the  pole-pitch  in  cm., 

and  I]  ^  the  value  of  the  "  ampere-conductors  "  per  cm.  of 
the  .irmaturc  circumference,  calculated  as  the 
mean  value  over  the  whole  pole-pitch  on  the 
basis  of  the  virtual  value  of  the  armature  current. 

Then,  armature  M.M.F.  per  pole=K,  r^  .  .  .  ampere- 
turns. 


1-30 


in 


1-20 


'il^i 


S    M5 


•a 
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1-05 


W     IK)0 


0-95, 


Half  spredd  trf  winding,  in  degreeA 


Fic.  6. — Equivalent  spread  factors,  for  single  and  (Xilyphase 
windings  and  various  angles  of  "  spread  "  of  the  exciting 
winding. 

From  certain  points  of  view  there  arc  many  advantages 
in  calculating  the  performance  of  machines  in  terms  of 
their  magnetic  and  electric  loading  constants.* 

Table     a  A      gives      the     values    *of      this      constant 

K,(  =o'25v'2  V  •        -.  I  for    various    values    of    i\,  and 

\  /J       SUl/l,/ 

for  single-phase  and  polyphase  machines. 

In  cases  where  the  designer  prefers  to  work  out  the 
performance  from  the  point  of  view  of  the  m.ichine  as  a 
whole,  the  value  of  the  equivalent  armature  M.M.F.  may 
be  expressed  in  the  form  : 

Armature  M.M.F.  per  pole  =  K,  ^  "'*...  ampere- 
turns 

where  Z..  is  the  total  number  of  conductors  on  the  arma- 
ture, i.e.  the  product  of  the  total  number  of 
slots  and  the    inimluT  of  conductors  per  slot, 

and        I.  is  Ihe  virtual  value  of  the  current  per  conductor. 

•  A     It.   CuirTox :   "On  the    IV«l«n  i.(    Pynamo    Electric    Machiorr)-," 
ElttlrttMm    I911,  vol.  611,  pp.  y74  and  1007. 
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Expressed  in  either  of  the  above  forms,  both  being 
independent  of  the  number  of  phases,  the  calculation  of 
the  value  of  the  armature  reaction  under  steady  short- 
circuit  conditions  becomes  a  matter  of  extreme  simplicity. 

In  dealing  with  the  actual  performance  of  a  cylindrical- 
field  alternator  under  steady  short-circuit  conditions,  it  is 
thus  convenient  to  plot  the  magnetization  curves  in  terms 

Table  2. 
Values  of  the  "  Equivalent  Spread  Factor"  for  Single-,  Two- 
and    Three-phase     Cylindrical-field    Alternators,    for 
Various  Spreads  of  the  Exciting  Winding. 


Half 

Spread  of 
Winding, 
in  Degrees 


(I//3,)  sin  fit 


Equivalent  Spread  Factor 


sin  ji 
sin  ^^ 


Sinjjle-i  base 
(2  3  winding) 


Two-phase  Three-phase 


45 
50 

0-9003 
0-8778 

55 
60 

0-8533 
0-8270 

65 
70 

0-79S7 
0-7691 

75 
80 

85 

0-7379 

07053 
0-6715 

90 


0"9i86 
0-9421 
0-9691 
1  -0000 
1-0352 

I '0753 
1-1207 

i'i725 
I  "23 1 5 
I -299  J 


i-oooo 
1-0256 

1-0551 
1-0887 
1-1266 
I-I706 

I-220I 
1-2674 
1-3392 
1-4142 


i'o6o7 
1-0878 
1-1191 
i'i547 
I  "1953 
1-2418 
1-2941 

i'3539 
1-4220 
I -5000 


Table  2A 
Values  of  the  Armature-reaction   constant  A'„  for  Single-, 
Two-,   and    Three-phase   Cylindrical-field   Alternators, 
for  Various  Spreads  of  the  Main  Exciting  Winding  and 
for  Full-pitch  Armature  Windings. 


Armature  Kenction  Constant 

,    fi' 

fi 

Half  Spread  of 
Exciting 

K,= 

o-^SV^J- 

sin 

^f 

Winding,  in 
Degrees 

Single-phase 
(2/3  Winding) 

Two-phase 

Three-phase 

45 

0-3248 

0-3535 

0-3750 

50 

0-3330 

0-3627 

0-3845 

55 

0-3426 

0-3730 

0-3956 

60 

0-3535 

0-3849 

0-4082 

65 

03660 

o-39i^3 

0-4226 

70 

0-3801 

0-4138 

0-4390 

75 

0-3962 

0-43 '3 

0-4575 

80 

0-4143 

0-4481 

0-4784 

85 

04354 

0-4734 

05028 

90 

0-4593 

0-5000 

0-5303 

of  the  actual  maximum  value  of  the  main  exciting  M.M.F., 
N,  I^,  and  to  calculate  the  equivalent  value  of  the  armature 
reaction  in  the  manner  indicated  above. 
Thus,  in  Fig.  i. 

If  I,  is  the  exciting  Current  necessary  to  maintain  normal 
full-load  current  in    the   armature    under  steady 
short-circuit  conditions, 
and  }  is  the  specific  electric  loading  on  the  armature  at 
normal  full  load, 
O  A  is  made  to  represent  N%  I,  to  scale, 
and  A  B  is  made  to  represent  K,.-  q  to  scale. 


V.  Fractional-pitch  Windisgs. 

Fractional-pitch  windings  are  often  used  in  practice, 
especially  in  the  case  of  two-pole  machines,  as  they  offer 
certain  advantages,  which  need  not  be  discussed  here. 

The  M.M.F.  distribution  due  to  a  single,  concentrated, 
fractional-pitch  coil,  there  being  one  such  coil  per  pole, 
would  be  as  shown  in  Fig.  7.  This  wave-form  may  be 
represented  by  the  Fourrier  series  : 


y=-.Y-\  sin  a  sin  6- 
71  L 


-sin  3  a  sin  3  0- 


} 


In  this  expression  :  a  represents  one-half  of  the  span  of 
the  coil,  and  is  therefore  equal  to  F  7r/2,  where  F  denotes 
the  fraction  of  the  pole-pitch  spanned  by  the  coil. 

The  fundamental  harmonic  thus  has  a  maximum  ampli- 
tude of  sin  a  .4  Y/tt  instead  of  the  value  4  Y/jt  obtaining  for 
a  full-pitch  coil. 

Hence,  in  the  case  of  fractional-pitch  windings,  it  is 
siniplj*  necessary  to   introduce  the  factor  sin  a  into   the 


Fig.   7. — M.M.F.  distribution  due  to  a  concentrated,  frac- 
tional-pitch winding. 

expressions  already  obtained  for  tlie  equivalent  armature 
M.  M.  F.,  with  full-pitch  coils. 

Thus,  equivalent  value  of  the   armature  M.M.F.   for   a 
fractional-pitch  w-inding 


:0-25sinafft  .lillAV^V^ 

V  /^      sin  fi  ) 

=  (sin  a)  K,  T  (^ 


A  further  point  of  interest  occurs  in  the  case  of  these 
fractional-pitch  windings,  and  that  is,  it  is  possible,  by 
adjusting  the  span  of  the  coils,  to  eliminate  any  particular 
higher  harmonic  from  the  M.M.F.  distribution  of  each 
phase  of  the  armature  winding.  The  condition  to  be 
fulfilled  for  the  elimination  of  the  Hth  harmonic  is  simply 
that  sin  (11  a)  =  o.  To  eliminate  the  third  harmonic,  for 
example,  it  is  thus  necessary  to  choose  a  value  of  a  such 
that  sin  3  a  is  zero,  and  therefore  3  a  is  equal  to  180=",  and  a 
to  60°.  The  span  of  the  winding,  in  order  that  third 
harmonics  shall  not  be  present,  is  therefore  two-thirds 
of  a  complete  pole-pitch.  Similarly,  the  fifth  harmonic  is 
absent  when  the  span  is  two-fifths  or  four-fifths  of  a 
complete  pole-pitch. 

Since  the  irregularities  in  the  rotating  M.M.F.  of  two- 
phase  windings  are  largely  due  to  the  effects  of  the  third 
harmonic  in  the  phase  M.M.F.  distribution  wave,  it 
follows  that  by  adopting  a  winding  with  a  fractional  pitch 
of  two-thirds  for  two-phase  armatures,  the  rotating  M.M.F. 
set  up  will  be  nearl}-  as  constant  as  in  the  case  of  three- 
phase  windings.  Fig,  %a  shows  the  M.M.F.  distributioo 
per  phase  for  such  a  winding  ;  Fig.  86  the  limiting  values 
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of  the  toUl  M  M.F.  due  to  the  joint  action  of  (he  two 
phasirs  ;  and  Fig.  8c  the  corresponding  hmiting  values  for 
a  normal  full-pitch  two-phase  winding. 


IlG.    8, 
(a)  MM  F  diitributinn  per  phase  lor  a  twu-pha.ic  (racUonal 

pitch  windinK,  with  a  -•  ir/j. 
(6)   and    U)    Ijmitin((    M  M.F.    wave-shapct    for    two-phase 

windlnKi  :    (i)  Iractional-pitch.   2/3  winding;    (i)  normal 

fnll-piUh  winding. 

VI.  Ukiiai.»nckd  F'oi.vpiimr  MACiiiNes. 
Cylindrical -field  allcrnalom  arc  frequently  wound  with 
coillypc  windinKv  wilh  Ihc  end  tonnectioin  of  the  coiU 
in  two  or  three  T»ngc\.     A«  a  rc»ult  it  komctinici  happens 


that  the  reactance  of  the  winding;  has  not  the  s.-»me  value 
for  the  various  phases.  The  current  obi.iined  on  short- 
circuit,  under  such  conditions,  no  longer  has  the  same 
value  in  each  of  the  phases. 

In  dealing  with  a  c.ise  of  this  nature,  the  same  method 
of  treatment  can  he  employed  as  that  adopted  with  the 
normal  balanced  machines. 

Dealing,  for  example,  with  the  case  of  an  unbalanced 
ihree-pli.-ise  machine,  the  norm.il  rotating  components  of 
the  main  harmonics  .ire  again  in  conjunction,  and  the 
inverse  components  are  displaced  respectively  by  2  ir/3 
radians.  The  inverse  components  of  the  currents  in  the 
three  phases,  however,  no  longer  have  Ihc  same  value,  so 
that  the  inverse  rotating  components  do  not  cancel  out 
exactly.  As  a  result  the  M.M.F.  due  to  the  main  har- 
monics iluctuates  slightly,  and  the  machine  will  show 
traces  of  the  performance  of  a  single-phase  alternator. 
Unless  cflicient  damping  devices  arc  used  on  the  field 
system,  double-frequency  currents  will  be  set  up  in  the 
main  exciting  winding,  and  traces  of  third  harmonics  will 
b>e  established  in  the  armature  current.  The  fact  that, 
with  a  star-connected  machine  the  total  spread  of  the 
winding  between  terminals  corresponds  to  two-thirds  of  a 
pole-pitch,  does  not  prevent  these  triple-frequency  currents 
from  being  established  in  such  an  unbalanced  machine 
oil  short-circuit.  The  author  has  shown  '  that  such  triple- 
frequency  currents  are  set  up  in  armature  windings,  quite 
independent  of  their  spread,  when  double-frequency 
currents  flow  in  the  exciting  winding. 


Fig.  9 


riirrcnt  wave  for  an  unbalanred  three-phase  alter- 
nator on  steady  short-circuit. 


This  effect  can  be  seen  in  Fig.  9,  which  represents  the 
actual  current  wave-form  obtained  on  short-circuit  with  a 
cylindrical-field  alternator  tlie  three  phases  of  which  were 
slightly  unbalanced  for  the  reasons  given  above. 

The  higher  harmonics  induced,  however,  have  no  appre- 
ciable cftect  upon  the  virtual  value  of  the  armature  currents 
and,  in  dealing  with  the  case  in  which  the  currents  in  the 
phases  have  different  values,  it  is  sulTicient  to  consider 
simplvthe  normal  rotating  components  of  the  fundamental 
harmonics. 

It  is  therefore  suflicient  to  use  the  formulx  already 
given,  and  to  take  the  value  of  the  armature  current  as 
being  the  average  value  of  the  actual  currents  in  the 
three  windings. 

\11.  Ikrf.gui.aki.v  Distkiiu'ted  Windings. 

On  rare  occasions  wilh  cylindrical-field  alternators,  some 
of  the  slots  in  the  stalor  may  contain  a  reduced  number  of 
conductors ;  it  may  also  happen  with  solid  rotors  that  the 
slotting  may  be  irregular. 

The  fundamental  harmonic  of  the  M.M.F.  waves  obtain- 
ing under  these  conditions  can  readily  be  deduced  by 
using  Ihc  lorniul.1:  developed  in  p.iragiaphs  (/>)  and  (c)  of 
Section  II  of  the  Ap|»endix. 

•  A  F  (l.A^TOpi:  "The  Wnvf  StiApr«  nbtalntos  wllh  AIl«-malin(i  riinml 
CH^rriilort  undrr  SU-ady  Shwrl  liirult  Ccmdltkinft."  Jfrnrn^l  t  U.K.,  1916, 
voL  )4.  p.  100. 
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The  value  to  take  for  the  equivalent  armature  M.M.F. 
under  either  of  these  conditions  can  thus  be  calculated 
without  much  difficulty. 

VIII.  Comparison  with  Other  Methods. 

Of  the  other  methods  of  dealing  with  armature  reaction 
in  cylindrical-field  machines,  some  are  frankly  empirical 
and  need  not  be  discussed,  and  perhaps  the  most  common 
method  having  a  logical  basis  is  to  deal  with  the  mean 
values  of  the  various  magnetomotive  forces  over  the  com- 
plete pole-pitch.  Such  a  method  has  much  in  its  favour  : 
it  is  easy  to  follow,  and,  to  the  average  mind,  is  no  doubt 
less  abstract  than  one  which  deals  only  with  the  funda- 
mental harmonics  of  the  various  magnetomotive  forces. 

Now  it  has  been  shown  quite  conclusively  that,  for  the  par- 
ticular case  of  a  cylindrical-field  alternator  working  under 
normal  short-circuit  conditions,  it  is  correct  to  consider 
simply  the  fundamental  harmonics  of  the  various  M.M.F. 
waves  in  calculating  the  value  of  the  armature  reaction. 
By  dealing  with  the  mean  value  of  the  actual  M.M.F. 
waves  over  the  whole  pole-pitcli,  not  only  is  the  mean 
effect  of  the  fundamental  harmonic  included,  but  also 
the  mean  values  of  all  the  higher  harmonics  over  the 
complete  pole-pitch.  An  indication  of  the  error  intro- 
duced by  considering  the  mean  value  of  the  M.M.F. 
waves,  instead  of  dealing  only  with  their  fundamental 
harmonics,  can  therefore  be  obtained  by  determining 
the  difference  between  the  mean  value  of  the  actual 
M.M.F.  wave  and  that  of  its  fundamental  harmonic  over 
one  complete  pole-pitch.  For  the  armature  it  is  necessary 
to  consider  further  the  mean  value  of  the  M.M  F.  obtaining 
throughout  the  period — in  time — as  this  M.M.F.  is  not 
constant,  even  with  two-phase  and  three-phase  machines. 

Main  magnclomoiive  force. — Dealing  first  with  the  main 
M.M.F.,  this  wave  is  represented  by  the  series  : 

I 


N.I 


■-;.{ 


sin  ^^  sin  0  +  -  sin  3  p^ sin  3  9 


_j sin  sPe  sins  9  + 

25 


I 


The  area  of  this  wave  over  one  complete  pole-pitch  is 
given  by      x  d  9,  and  the  mean  value  of  the  M.M.F.  thus 

Jo 

becomes : 


=  ip'' 


=  lxN, 


Ij—     sin  (3^  cos  6  +  — sin  3/ij  cos  3  0 


+ sin  5/3-  cos  %  0  + 

125 


27 


sin  3^. 


+  — sin5/3,-f 


} 


The  total  error  introduced  by  dealing  with  the  mean 
value  of  all  the  harmonics,  instead  of  solely  that  of 
the  fundamental,  is  therefore  : 

— — -I — sin  35,-1 sin5/3,-f  .  V  x  100, percent 

sin  PcU?  125  ^'^'  '  J 


The  influence  of  the  higher  harmonics  upon  the  mean 
value  of  the  M.M.F.  is  thus  reduced  according  to  the  order 
of  the  harmonic.  In  general,  for  an  ;ith  harmonic  of  A" 
per  cent  in  the  M.M.F.  wave,  the  mean  value  of  the 
M.M.F.  over  the  complete  pole-pitch  is  increased  or 
decreased  by  A„/»  per  cent  according  to  the  sign  of  the 
harmonic. 

The  percentage  error  introduced  by  including  any 
particular  higher  harmonic  is  therefore  given  by  : 

Percentage  error  due  to  the  inclusion  of  the  nth  harmonic 

I      sin  nB 
=  —x— — T-xioo 
m3      sm  /?, 

The  error  can  therefore  readily  be  calculated  for  various 
values  of  the  spread  of  the  winding. 
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Fig. 


10. — Error  in  the  value  of  the  main  M.M.F.,  due   to 
the  inclusion  of  the  higher  harmonics. 
Curve  A  gives  the  total  effect  of  all  the  harmonics  ; 
Curve  B  the  effect  of  the  third  harmonic. 


Further,  the  mean  value  of  the  main  M.M.F.,  including 
the  effects  of  all  the  higher  harmonics,  can  be  obtained 
from  the  mean  height  of  the  trapezium  wave-form  and  is 
equal  to  : 

The  mean  value  of  the  fundamental  harmonic  is  equal  to  : 

The  percentage  error  due  to  the  inclusion  of  the  effects 
of  all  the  higher  harmonics  can  thus  be  calculated. 

Table  3  shows  the  effect  of  the  individual  higher  har- 
monics upon  the  mean  value  of  the  M.M.F.  for  various 
values  of  the  spread  of  the  winding.  It  also  shows  the 
total  error  introduced  due  to  the  combined  action  of  all 
the  higher  harmonics. 

The  great  importance  of  the  third  harmonic  is  very 
apparent.  For  small  angles  of  spread  of  the  winding,  the 
third,  fifth,  seventh,  and  ninth  harmonics  all  have  the  same 
sign,  and  their  joint  effect  is  very  great.  Such  small  angles 
of  spread  are,  however,  not  normally  in  use. 
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For  a  two-thirds  winding,  i.e.  for  fi,  =  wli,  the  third 
harmonic  is  icro,  and  the  error  introduced  by  dealing 
with  Die  nie-in  \-aluc  of  the  actual  M.M.F.,  instead  of  its 
fundamental  harmonic,  is  negligible.  For  fj,  ={=  one  radian 
the  joint  effect  of  all  the  higher  harmonics  upon  the  mean 
value  of  the  M.M.F.  is  zero.  For  values  of  ,S,  less  than  one 
radian,  the  error  is  positive,  i.e.  too  large  a  value  is  obtained, 
and  for  \'alucs  of  A  greater  than  one  r.-»dian  the  error  is 
negative,  the  calculated  M.M.F.  iK'ing  now  too  small. 

Fig.  lo  indicates  the  error  introduced  by  calculating 
the  M.M.F.  upon  the  basis  of  the  mean  value  of  the  actual 
distrihutionfomi,  instead  of  dealing  solely  with  the 
fundamental  harmonic. 

Armature  magnetomotive  force— hc\.  us  now  deal  with 
the  armature  M.M.F. 

(a)  Siiisle-phaie  machinei. — With  single-phase  machines 
the  armature  M.M.F.  has  its  limiting  values  when  the 
current  is  maximum  and  zero  respectively. 


constant  rotating  components,  each  of  one-half  the 
maximum  amplitude  of  the  alternating  M.M.F.  and  of  the 
same  wave  shape,  and  rotating  in  opposite  directions  at 
synchronous  speed.  This  method  of  treatment  is  funda- 
mentally unsound.  For  the  theorem  concerned  to  hold 
good  in  a  case  of  this  nature,  not  only  is  it  neccss;iry  that 
the  current  shall  be  sinusoidal,  but,  in  addition,  the  M.M.F. 
distribution-form  must  also  be  sinusoidal.  To  illustrate 
this  point.  Fig.  1 1  h.as  been  drawn,  showing  the  resulting 
field  distribution  obtained  at  v.arious  instants,  by  com- 
bining two  magnetomotive  forces  of  normal  trapezoidal 
wave-form  rotating  at  synchronous  speed  in  opposite 
directions.  The  wave  shape  obtained  is  f.ir  from  constant, 
showing  th.at  the  actual  altcrnaling  M.M.F.  cannot  be 
replaced  by  two  such  rotating  magnetomotive  forces. 

Nevertheless,  so  far  as  the  fundamental  harmonic  is 
concerned,  the  method  is  correct.  So  that  the  error 
obtained  in  determining  the  value  of  the  armature  M.M.F. 


Table  3. 

The  Effect  of  the  riJMi'us  Harmonics  upon  the  Mean    Value  of  the  M.M.F.  over  One  Complete  Pole-fitch,  for   Various 

Spreads  of  the  Exciting  Winding. 


Half  Sfvcad  of 

Excttiof 

WindiDg.  tn 

Decreet 

Effect  of  Hannonic  on  Uean  Value  of  M.U.E 

Fundamental  taken  aa  loo 

Fundamental 

Thirti 

Fifth 

Seventh 

Kinlli 

Eleventh 

Total  of 

Harmonic 

Hamtonic 

Harmonic 

Hannonic 
2-OS 

Hannonic 

Hannonic 

AU  Hannonlcs 

0 

100 

II'I 

4-0 

1-25 

0-85 

»23-4 

10 

100 

lo-d 

3-5 

1-6 

0-8 

04 

117-2 

30 

100 

94 

23 

o-S 

0 

-015 

II 19 

30 

100              1 

7-4 

0-8 

-0-3 

-03 

-008 

107-6      ■ 

40 

100              1 

4-95 

.  — 04 

— 045 

0 

O'l 

'04-4 

joi-o 

SO 

100 

24 

-0-95 

^-O'l 

0-2 

—002 

te 

100 

0 

— 0-8 

03 

0 

—008 

99-5 

L° 

100 

-i-()5 

-0-15 

0-25 

-015 

008 

977 

100 

-3'25 

05 

— O'l 

0 

003 

— o-o8 

97-1 

90 

100 

1 

-37 

08 

-03 

015 

969 

Maximum  value  of  armature  M.M.F.  is  represented  by  : 
j'„a^=-  x^N  Iv/2|sin/?sin0-f'sin3^sin3  (i\..}^ 

Minimum  value  of  armature  M.M.F.  is  represented  by 
V_h,  =0. 
Mean  value  of  armature  M.M.F.  is  represented  by  : 


81  ( 


sin  )?sin  0-f-    sin  3  /?sin  3  0-f  . 


■] 


since  (he  mean  value  of  i  =r     N  I v/2. 

In  dealing  with  the  mean  value  of  the  M.M.F.  waves, 
Ihc  moM  obvious  procedure  would  be  lo  calculate  on  the 
l>.i*i\  "f  the  mean  value  of  the  M.M.F.  scries  .as  given 
alxivc.  Such  a  method  would  give  rise  to  very  consider- 
.;iblc  error*,  a»  the  amplitude  of  the  fundamental  harmonic 
would  be  con^ideral>ly  in  excess  of  the  correct  value. 

In  applying  this  method  in  actual  practice,  it  is,  however, 
not  UMial  lo  deal  with  the  actual  mean  value  of  Ihc  arma- 
ture M.M.F.  over  the  complete  pnlc-pitch.  Instead,  it  is 
uvual  to  rctolvc  the  actual  alternating   M.M.F.  into  two 


of  single-phase  alternators  by  this  method  is  simply,  as  in 
the  case  of  the  main  exciting  winding,  due  to  the  difference 
between  the  mean  values  of  the  actual  M.M.F.  wave  and 
that  of  its  fundamental  harmonic. 

Table  3  and  Fig.  10  therefore  hold  good,  in  addition,  for 
the  case  of  the  armature  winding  of  a  single-phase  cylin- 
drical-field alternator.  For  most  single-phase  machines 
the  spread  of  the  winding  is  such  tliat  /J  =  >r/3,  and  the 
error  in  flic  value  of  the  armature  M.M.F.  as  determined 
by  the  method  under  consideration  is  only  o-6  per  cent. 

(a)  Polyphase  machines, — In  obtaining  the  nicin  value 
of  the  armature  M.M.F.  for  polyphase  windings  it  is 
usual,  and  sufficient,  to  take  the  .-verage  of  the  values 
obtaining  under  the  two  limiting  conditions. 

(/>)  Two-phase  mat  hi  net.— With  a  two-phase  winding, 
the  arm.atiire  M.M.I-',  has  its  limiting  values  when  the 
current  has  the  .same  value  in  the  two  phases,  and  when 
one  phase  only  is  active,  respectively. 

When  one  ph.ise  only  is  active,  the  current  in  that 
pha.sc  has  its  maximum  value,  and  the  M.M.F.  wave  is 
represented  by  the  series  : 

4Y       1    f  I 

•    X   »  ■<  »ii>  II  sm  0  4      sin  j  /( sin  3  0  +   . 


y 


■} 
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In  this  series,  Y  =  N  I  V^.  »"'*  ^  =  -t:  /  4-     Hence 


:>■{ 


sin  0  +     sin  3  0 


—  sin  5  0  —   —  sin  7  0  4- 
25  49 


} 


The  higher  harmonics  in  this  wave  are  therefore  of 
considerable  importance. 

When  the  two  phases  are  equally  active,  the  current 
is  0707  of  its  maximum  value,  and  the  magnetomotive 
forces  of  the  two  phases  are  represented  respectively  by 
the  two  series  : 

M.M.F.  of  phase  i  : 


J,  =  0707  X 


?rt-{ 


sin  0  -\ sin  3  6 

I  I 

—  —  sin  5  e  —    -  sin  764-. 
25  49 


and  M.M.F.  of  phase  2  : 


+  -  I  +  -  sin  3 
2/       9 


+ 


} 


} 


The  resulting  M.M.F.  distribution  due  to  the  combined 
action  of  the  two  phases  is  obtained  by  summing  the  two 
series  given  above,  and  becomes 

y=yi  +  y2 

16       r  I 

=  0707  X  —  N I  -{  sin  9  +  -  sin  3  9 
n^         K.  g 


I 

_       sin  5  ( 
25 


49 


sin  7  6 


16 
+  0737  X  — ,N  I 
.1- 


=  ^Nl|sin/'e  +  - 


|sin  (e 


+  2J  +  9^'"3(e  +  - 


isin5(o  +  ^)+   .  .       } 


25 


3    0  + 


d 


+  -  sin  5  (  g  +  ""^  )  -  —  sin  7 
25  V         4  /      49 


+3-,i„,^»  +  j 


■} 


Again  the  higher  harmonics  are  of  considerable  im- 
portance. The  wave-form  is  now  of  the  well-known 
triangular  form  shown  in  Fig.  126. 

The  wave-form  representing  the  average  of  the  two 
limiting  conditions  is  obtained  from  the  average  value 
of  the  two  series  given  below,  viz. 

16  I  I  I 

V  =  —  N  I  >  sin  9  -)-  -  sin  3  e sin  5  9 

-        n^  \  ^9  23        ^ 


and 

16  I 

V  =  —  N  I  .'  sm  9 


sin  79  + 

49 


sin  3  I 


si.n  5  ( 


—  —  sin  7  9  + 
49 


This  "average"  wave-form  is  thus  represented  by  the 
series  : 

16          (     .     -        I  I  1 

y  =  —  N  I   I  sin  9 sin  7  9  -f  —  sin  9  9  —    .   .   .     )■ 

This  series  corresponds  to  the  wave-form  shown  in 
Fig.  I2C ;  its  small  deviation  from  the  fundamental 
harmonic  is  noteworthy. 


I 


Fig.  II. — Effect  of  combining  two  constant  M.M.F.'s  of 
trapezium  wave-shape,  rotating  in  opposite  directions 
at  synchronous  speed. 

It  thus  appears  that  in  the  case  of  a  two-phase  arma- 
ture, In  each  of  the  limiting  wave-shapes  of  the  M.M.F. 
distribution — the  trapezium  and  the  triangle — the  higher 
harmonics  are  of  considerable  importance.  Further,  the 
amplitudes  of  the  corresponding  harmonics  have  the  same 
value  in  the  two  cases,  but  with  those  of  the  third  and 


so 
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fifth,  «deventh  and  thirteenth,  etc.  orders,  the  signs  arc 
opposite  in  the  two  waves. 

Av  a  result,  for  a  two-phase  machine  the  average  M.M.F. 
distribution  obtained  by  taking  the  mean  of  the  two 
extreme  conditions  is  devoid  of  tliird  and  fifth  harmonics, 
and  the  effect  of  those  of  still  higher  orders  upon  the 
mean  value  over  the  complete  pole-pitch  is  absolutely 
negligible. 

So  that  the  mean  value  of  the  armature  M.M.F.,  as 
determined  by  the  mean  of  the  values  existing  under 
the  two  hmiting  conditions,  is  practically  exactly  equal  to 
the  mean  ordinate  of  the  constant  fundamental  harmonic. 
No  error  is  therefore  introduced  by  determining  the  \-alue 
of  the  armature  M.M.F.  of  :i  two-phase  alternator  by 
this  method. 


FiC.    12. 


(liitnbution- forms. 


-Two-phase  .M  .M  1 

a  and  b  arc  two  Umiting  forms  ; 

c  represents  the  "  average  "  of  the  two  limiting  con- 
ditions : 

d  rcprcscnta  the  constant   fundamental   harmonic  ; 

o  denotes  a  point  on  the  "  average  "  distribution- 
form. 

Table  4  gives  the  values  of  the  amplitudes  of  the 
several  higher  harmonics  for  the  various  wave-forms 
occurring  with  two-phase  windings. 

Table  4. 

Amphtudn  of  the  Vanoui  Harmonics  in  the  M.M.F.  li'ave- 
formt  oblaiinng  vtlh  a  Two-fliau  Winding. 


(c)  Threepkait  machinei. — With  three-phase  alternators, 
the  armature  M.M.F.  has  its  limiting  values  when  the 
current  in  one  of  the  phases  is  maximum  and  zero, 
respectively. 

The  M.M.F.  distribution  due  to  one  phase  only,  and 
with  maximum  current  in  that  phase,  is  represented  by 
the  series  : 


v,=       X  -  <  sin /JsinO-f    sin3flsin30 


AnpUtniU 

CMcrof 
Hjnsaalc 

Pbttt 

Corrml  Mai. 

Ruiialtn  PhMC« 
land  II 

Mean  m 
UmlllnK 

II.M.K 

to  One  l'hi%€ 

M  M  V.  Wive. 

1 

H«l 

100 

100 

100 

3 

III 

III 

—  Il'l 

0 

.S 

-4-0 

-40 

4-0 

0 

7 

-104 

-2-04 

-2X)4 

-204 

«; 

114 

1  J4 

i»4 

124 

II 

oK, 

0K3 

-o-«3 

0 

«3 

—  n-lt) 

-o-<i9 

0*69 

0 

15 

—0-44 

-044 

-044 

-044 

17 

o-n 

o-.l-S 

0-3S 

0-3S 

«9 

(.■]H 

r.-.'h 

OJK 

0 

21 

-1.1}, 

"  !} 

013 

0 

+      sin  5^  sin  5  9+. . .  y 


where  Y  =  N  Iv/i  ;  and  /?  =  .i/6. 
Hence 

J",  =    jN  I  \'2-|  sin9  +  - sin  36+       sins©—       sin  7  6 


-g^sinoO-l- 


■} 


It  will  be  noticed  that  the  higher  harmonics  are  of 
considerable  importance  in  this  scries,  owing  to  the  small 
spread  of  the  winding,  and  that  the  third  harmonic  is,  in 
particular,  very  prominent. 

When  the  current  in  one  phase  is  maximum,  its  value  in 
each  of  the  other  phases  is  one-half  of  the  maximum  and 
its  sign  is  opposite  to  that  in  the  first  phase. 

The  M.M.F.  distribution  wave-forms  of  each  of  the 
three  windings  acting  separately  arc  represented  respec- 
tively by  the  three  series  : 

:>j=  -0-5  ■■<  l\  N I Vijsin^e -^■') 

-|-^sin3(e-y)  +  ^;sin5(0-^;)-f...} 

12  r  2  I 

>-,=  — jN  l\/2-i  sinO-l-    sin  3O  +  —  sin  58 

sin70-      sin9e+..-| 

49  81  J 

v,=  -o  5  >  ",  N  V2{sin(o+  y  )  +*  sin  3(0  +  *^'') 

+  lsin5(e-i- '{)  +  ...} 

The  resulting  M.M.F.  distribution  due  lo  the  combined 
action  of  the  three  windings  is  obtained  by  summing  the 
above  scries,  and  thus  becomes 


V=.V,-f>'a+>'5 


:"NU/i/i  5  sin  «-»-— sins  0 


'5 

49 
"5 
iJii 


sin7fl 
sin  II  0 -f- . 


■} 


In  the  resulting  M.M.F.  distribution,  of  Ihc  roof  form 
shown  in  Fig.  13d,  the  only  higher  harmonic  of  appre- 
ciable m.igniludc  is  the  fifth,  and  tho>c  of  the  third  order 
arc  absent. 

Wlicii   the    current    in   one  of   the  phages  is  zero,  Ihc 
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currents  in  the  other  two  phases  are  equal  to  0'866  of  the 
maximum  value  and  opposite  in  sign.  The  M.M.F.  dis- 
tribution-forms for  the  three  phases  under  these  condi- 
tions are  represented  respectively  bj'  the  three  series  : 


r.=o-: 


sin  3  0 


25 


sin  5  0  - 


+  . 


} 
} 


and  Vi=  — 0-S66  x  -  "  N  I  \/2/sin  (o+~-^  j 

+Jsin3(0  +  ^)-l.n3(0+^ 

The  total  M.M.F.  distribution  due  to  the  combined 
action  of  the  three  phases  therefore  becomes  of  the  form 
represented  by  the  scries  : 


12  r 


1-5  sin  (0 


+  —  sin  7  (  0  - 
49  ^ 


0- 


^  ,--^  sin  II  [0-^ 
6  J     121  \        6 


Again  all  harmonics  of  the  third  order  are  absent,  and 
the  amplitudes  of  the  fifth  and  seventh  harmonics  are 
small. 


Fig.   13. — Three-phase  M.M.F.  distribution-forms. 

a  and  6  are  tlie  two  limiting  conditions  ; 

c  is  the  average  of  the  two  limiting  conditions  ; 

d  is  the  constant  fundamental  harmonic  ; 

o  denotes  a  point  on  the  average  distribution-form. 

The  }iI.M.F.  distribution  representing  tlic  avcr.ige  of 
those  existing  under  the  two  limiting  conditions  in  the 
case  of  three-phase  windings  is  therefore  given  by  the 
mean  value  of  the  two  series  : 


12  I        /  I  I 

y=-^NIV2  :i'5(  ?in9+-sin50  — -    sin  yO 
71  \        \  -5  -40 

I  I 

—      -  sin  ii6/-f     -  sin  13  0  —  , 
121  169  -^ 

12  f        /  I  I 

and  y=  -  ,N  l\/2l  1-5  I  sin  0 — --  sin  5  9 -J sin  7  9 

-T  \_        \  -5  49 


=in  1 1  9  - 

121^ 


169 


sin  13  O-f  .  , 
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The  mean  value  is  thus  represented  by  the  series  : 

18  ,    f  I  I 

3'  =  -,N  I-y/2-  sinO ^sin  11  9-f  ^^sin  136- 

•T^         ^      [  121  169         -^ 


The  wave-shape  corresponding  to  this  mean  M.M.F. 
distribution  is  sliown  in  Fig.  13c.  As  in  the  case  of  the 
two-phase  winding,  the  small  deviation  from  the  funda- 
mental harmonic  is  very  noteworthy.  The  higher  har- 
monics cancel  out  almost  entirely,  the  only  higher 
harmonics  present  in  the  "mean"  M.M.F.  wave,  as 
determined  by  the  average  of  the  two  limiting  conditions, 
being  the  eleventh  and  thirteenth,  the  tvi-enty-third  and 
twenty-tifth,  etc.''' 

The  total  effect  of  all  the  harmonics  upon  the  mean 
value  of  the  M.M.F.  over  the  complete  pole-pitch  is 
readily  obtained  from  a  consideration  of  the  mean  ordi- 
nate of  the  actual  M.M.F.  wave-shape. 

Table  5  gives  the  values  of  the  higher  harmonics  in  the 
various  M.M.F.  waves  occurring  with  three-phase  wind- 
ings. 

For  three-phase  machines,  then,  the  mean  value  of  the 
armature  M.M.F.  as  determined  by  the  mean  of  the  values 
obtaining  under  the  two  limiting  conditions  is  almost 
exactly  equal  to  the  mean  ordinate  of  the  constant  funda- 
mental harmonic.  As  a  result,  no  error  is  introduced  by 
determining  the  value  of  the  armature  M.M.F.  in  this 
manner. 

Tahle  5. 

The  Amplitudes  of  the  Various  Harmouics  in  tlie  M.M.F. 
Wave-forms  obtuined  -ivith  a   Three-phase  Winding. 


-Amplitude  I'or  Various  Waves  in  Fi,^.  13 


Order  of 
Harmonic 


5 

7 

9 

II 

13 

i"s 

17 
19 
21 


Ph.ise 

Current  Max. 

Current  Zero 

Mean  of  Two 

M.M.F. 

in  On;  Pliase 

in  One  Phase 

Conditions 

100 

100 

100 

100 

22'22 

0 

0 

0 

40 

4-0 

-4-0 

0 

—2-04 

-2-04 

204 

0 

-2-47 

0 

0 

0 

—083 

—0-83 

-0-83 

-0-83 

069 

069 

0-69 

0-69 

0-89 

0 

0 

0 

0-35 

o'35 

-0-35 

0 

—0-28 

—028 

0-28 

0 

— o'45 

0 

0 

0 

As  a  result  of  these  investigations,  it  would  appear  that 
there  is  no  appreciable  difference  between  the  mean  ordi- 
nate of  the  armature  M.M.F.  as  determined  by  the  method 
under  consideration  and  that  of  its  constant  fundamental 
harmonic  for  polyphase  machines,  and  that  for  single- 
phase  machines  having  a  two-thirds  winding  the  differ- 
ence is  small.  On  tlie  other  hand,  in  the  case  of  the  main 
exciting  winding,  the  mean  ordinate  of  the  actual  M.M.F. 
distribution-form  may  differ  considerably  from  that  of  its 
fundamental  harmonic,  the  difference  depending  upo.i 
the  spread  of  the  winding. 

Hence,  with   cylindrical-field   machines  working  under 

•  Cf.  B.  Hague  :  "  Tlie  Matliematical  Treatment  of  tlie  Magnetomotive 
Force  of  Armature  Windings,"  Journal  I.E.E.,  1917,  vol.  55,  p.  490. 
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steady  short-circuit  conditions,  an  error  of  considerable 

importance  may  be  introduced  by  calculating  upon  the 
basis  of  the  mean  values  of  the  actual  M.M.F.  distribution- 
forms.  The  error  being  confined  to  the  estimation  of  the 
value  of  the  main  or  exciting  M.M.K.,  the  figures  given 
in  Table  3  will  also  indicate  the  total  error  due  to  this 
method. 

With  single-phase  machines  in  which  the  spread  of  the 
armature  winding  is  no  longer  such  that  ,1  ==one  radian. 
a  further  error  may  be  introduced.   The  total  error  in  such 
a  case  can,  however,  readily  be  computed  from  Table  3 
by  combining  the  error  in   the   csliination  of   the  main 
M.M.F.  with  that  in  the  estimation  of  the  armature  M.M.K.    | 
Thus,  for  example,  in   the  case  of  a  normal  two-phase    j 
machine   working   single-phase,  the   spread  of  the   rotor    | 
winding  being   such   that  ,1,  =  70^  the  total  error  in  tlie   ^ 
v.iluc  of  the  equivalent  armature   M.M.F.  would  be  made 
up  as  follows : 

Calculated  value  of  main  M.M.F.  is  0978  of  true  value  : 
Calculated  value  of  the  armature  M.M.F.  is  fo^  of  true 

value  ; 

Hence    equivalent    value    of    the   armature    M.M.F.    is 

i"03/o'978^  io5'3  per  cent  of  the  correct  value. 

Simibrly.  if  the  machine  were  worked  single-phase  with 
the  two  windings  in  scries  the  equiv.alcnt  value  of  the 
armature  M.M.F.  as  calculated  by  this  method  would  be 
99-1  per  cent  of  the  correct  value. 

I.\.  .\rri.icATiox  TO  Normal  Load  Coxditioxs. 

When  working  under  normal  conditions  of  load,  the 
saturation  of  the  iron  parts  of  the  m.ignetic  circuit,  and 
magnetic  leakage,  result  in  any  method  such  as  this,  which 
is  based  upon  the  fundamenl.il  harmonic  of  the  various 
M.M.F.  waves,  being  no  longer  exact. 

However,  for  all  ordinary  purposes  such  as  the  calcu- 
lation of  the  full-load  excitation,  etc.,  involving  the  use  of 
a  vector  treatment,  the  value  of  the  equivalent  armature 
M.M.F.  as  obtained  in  this  paper  may  certainly  be  used 
without  any  undue  loss  of  accuracy. 

COXCLVSIOX. 

In  this  paper  it  has  been  shown  that,  for  the  particular 
case  of  a  cvlindrical-ficld  alternator  working  under  steady 
short-circuit  conditions,  it  is  correct  to  base  the  calculation 
of  the  main  and  armature  magnetomotive  forces  solely 
upon  the  values  of  the  fundamental  harmonics  of  their 
wave-forms,  and  that,  in  consequence,  a  treatment  on  the 
I  ■  !  by  Arnold  and  Kussell  in  dealing 

.)f  armature  reaction  is  justified. 

hu:  1  sliown  that  no  error  is  introduced 

in  <.u.  if.  instead  of  dealing  with  the  actual 

stepped  M  M.F.  waveshapes,  the  corresponding  trapezium 
wavc-f'irm,  i.e.  that  obtaining  for  a  surface  winding  of  the 
same  spread  ai  the  actual  winding,  it  taken  in  place  of  the 
ttcppcd  wave. 

To  render  the  method  suitable  to  actual  practical  con- 
ditions in  IV  of  the  paper  it  is  shown  that  the 
pr.i' Mcsl  .1  i-  --imi'liricd  if  all  calculations  arc 
I  ic  of  the  .impeic-luins  per 
I  ling  ati<l  an  equivalent  value 
of  the   armature    M.M.F.      Thi»  equivalent  value  of  the 


armature    ampere-turns    is    given    by    the    value   of  the 
ampere-conductors  per  pole  multiplied   by  the  constant 

K,  =  o"25  v/a    ' .  -. — , .    Values  of  this  constant  are  given 
/5     sm  fif 

in  Table  2a  for  the  case  of  full-pitch  armature  windings, 

and  tlie  method  of  dealing  with  fractional-pitch  and  other 

more  abnormal  windings  is  discussed. 

So  f.ir  .as  oilier  methods  of  calculating  the  .irmaturc 
M.M.F.  are  concerned,  this  investigation  shows  that  by 
dealing  with  the  mean  values  of  the  actu.al  M.M.F'.  wave- 
forms for  polyphase  m.achines,  the  result  obtained  does 
not  differ  appreciably  from  the  mean  v.alue  obtained  by 
considering  only  the  fundamental  harmonics.  In  the  case 
of  the  main  exciting  M.M.F".,  however,  liy  dealing  with 
the  mean  value  of  the  actu.il  wave,  an  error  is  introduced 
for  all  cases  in  which  the  half  sprc.id  of  the  winding 
differs  from  one  radian.  The  magnitude  of  the  error 
obtained  by  the  method  of  dealing  with  the  mean  values 
of  the  M.M.F.  waves  is  thus  confined  to  the  estimation  of 
the  value  of  the  main  M.M.F.  In  cases  where  great 
accuracy  is  required,  such  as  in  the  determination  of  the 
reactance  of  the  armature  winding  from  the  measured 
open-circuit  and  short-circuit  ch.iractcristics,  the  error 
due  to  the  employment  of  such  a  method  may  in  certain 
ca-es  be  much  greater  than  is  desirable. 

With  single-phase  machines  a  further  error  mav  be 
introduced  in  cases  where  the  spread  of  the  armature 
winding  differs  appreciably  from  one  radian  ;  on  the  other 
hand,  the  error  in  the  estimation  of  the  armature  M.M.F. 
may  tend  to  neutralize  that  in  the  estimation  of  the  mail! 
M.M.F.,  Table  3  indicating  the  error  which  may  arise 
from  this  source. 

Owing  to  circumstances  mentioned  earlier  in  t!ic  paper, 
it  is  possible  that  reference  has  not  been  made  to  all  the 
work  of  others  who  m.iy  have  contributed  to  the  literature 
of  subjects  bearing  upon  the  present  paper.  Should  this 
be  the  case,  the  author  begs  to  express  his  regret  at  any 
such  omission. 


Al'I'li.XDIX. 

I.  Till-.  Hakmoxic  Ax.vlvsis  ok  Kectilixkau 
Wave-forms. 

I-'or  a  wave-form  which  is  symmetrical  about  the  «>o"axis 
and  contains  no  even  harmonics,  the  corresponding 
F'ourrier  series  is  : 

x=.\,  sin  O-i-A^  sin  j  0  •-  .  .  .  -f  A»  sin  m  0  f  .      . 
The  amplitude  of  the  nth  h.irmonic  is  given  bv 


1  sin  1;  0  .!  fi 


The  elemental  wave-form,  fi  0111  which  most  of  the  actual 
M.M.F.  waves  met  with  in  practice  cm  be  built  up,  is  of 
the  trape/.iuni  type  shown  in  Fig.  14. 

This  wave-form  consists  of  two  parts:  (il  The  inclined 
portion  from  0,  to  9„  for  which 

i-*(0-0,).  where  A  =  X/(«,-(i/,) 

and  I  2)  the  rectangular  portion  from  9,  to  ir/j,  for  which 
portion 

*-X  =  A  (0,-0,) 
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Hence,  for  the  trapezium  wave  shown  in  Fig.  14,  the 
amplitude  of  the  ;ith  harmonic  is  : 


A«=-  X2 
.1 


k{0-d,)  sin 
J II. 


nOdO 

+ 


X 


f 


k{0,-0^)  sin  nOde 


4      *, 
=  -x^(  sin  )2  0,~ 


:i      {ft,-0,)  ■   ri- 


ll OA 


sin  n  C  — sin 


nO^ 


For  certain  cases  it  is  more  convenient  to  express  the 
amphtude  of  tlie  harmonic  in  the  form  : 


A„= 


X 


'7t'^{f}^-e,] 


I  (          n  (6, 
:^;  ]  2  cos 


-e,)  .   n(o,-e,)] 


From  the  above  equations  the  amplitude  of  tlie  ;!th 
harmonic  for  any  normal  rectilinear  wave-form  whicti 
is  symmetrical  about  the  90°  axis  can  readilj'  be  deter- 


T 

X 


/ 


X 


U- 


-j 


\ 


Fig.   14. — General  case  of  trapezium  wave-form. 

mined  by  resolving  the  actual  wave  into  a  number  of 
component  trapezium  waves.  Rectangular  and  triangular 
waves  may  be  treated  as  being  the  limiting  cases  of  the 
trapezium.  Thus,  in  Fig.  15  the  wave-form  shown  may 
be  resolved  into   the  three   component  waves   indicated. 


Fig.   15. — Showing  the  resolution  of  a  rectilinear 
wave-form  into  its  component  wave-shapes. 

The  ampHtudc  of  the  nth  harmonic  in  the  actual  wave  is 
obtained  from  the  sum  of  the  amplitudes  of  that  particular 
harmonic  in  the  various  component  waves. 

Hence,  for  the  general  case  as  in  Fig.  16  : 


A„  =  "  X 
.T      n 


2  Xi          n  [0^  -f  0,)    .    n  [0, 
. rT  COS sin ^ 


i-\e,  —  Q^ 


Oi) 


+ 


2X, 


(64-1 


^W  (04  +  63)^,^^0,-03) 


■■} 


In  this   expression,  X,,  X-,,  etc.,  and    0,. 
the  values  indicated  in  Fig.   16. 


etc.,   have 


/jTTTT^r^ 


Fig.  i6. — Irregular   stepped   wave-form   resolved   into 
its  component  trapezium  waves. 

Thus  the  amplitude  of  any  of  the  harmonics  can  be 
determined  for  any  rectilinear  wave  containing  no  even 
harmonics  and  symmetrical  about  the  90"  axis. 

II.  Stepped  Rectiii\e.\r  W.ivES. 

With  a  distributed  winding  the  M.M.F.  wave  is  of 
this  t3'pe. 

(a)  Genera!  cast-.— This  corresponds  to  irregular  distribu- 
tion of  the  winding.  For  this  case  no  simplification  of 
the  above  formula  is  possible,  and  the  value  of  the 
fundamental  harmonic  in  the  wave-form  must  be  obtained 
as  indicated  above. 

(6)  Regular  slotliiig,  but  varying  M.M.F.  per  slot. 

Let  2\l/  =  the  slot  width  expressed  in  electrical  radians, 
and     2  y  =  the  slot-pitch  similarly  expressed. 

Then  -4,  =  (e,  -  e,)l2  =  {9,  -  e,)l2  =  etc., 
and      (9,  -f  9,)!2  =  y;{9,  +  d,)l2  =  3  y  ;  (a,  +  9.)l2  =  5  y,  etc. 
and  the  amplitude  of  the  nth  harmonic  becomes 


4       r       sm  n  w 

-  X  —  X 


/Xi  COS  n  y  -i-  X,  cos  3  n 


and 


-f  Xs./,co3(s^  —  I;  11  yy 


4       sm  w   r-i- 

Aj  =  -  X ■{  Xj  cos  ;■  -f-  X,  cos  3  V  -f  .  . 


X 


,  C0s(s..  —  l)  ;'\ 


This  enables  the  case  of  a  machine  in  which  some  of 
the  slots  contain  a  reduced  number  of  conductors  to 
be  dealt  with  exactly. 

(c)  Irregular  sloll:ng.—Wah  solid  rotors,  irregular  slotting 
may  occasionally  be  used. 


I 


Let 


O.-fOi 


Os+0^ 


ec-\-6. 


-  =  Vz 


,  etc. 


Then  for  the    particular    case   when   the    M.M.F.   per 
slot  is  constant  : 


-^1  = 


4  X,      sin  1/' 


.   +cosy,,^y 


III.  Rectiline.mj  W.wes  with  Regul.\u  Steps. 
For  this  case,  the  one  normally  met  with  in  practice, 
X,  =  X,  =  X ,  =  Xj,  etc.,  =  2  X/s, 
•  and  -.^  have  the  values  indicated  above,  and  5,  y  =/3,. 
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Thus  the  amplitude  of  the  nth  harmonic  becomes 

4  X,     sin  w  v"      '  /■ 

A.=  - — -X  *x     /cosh  X  (COS  ?«;+..  . 

-f  COs(s,-l)«  ;| 
4  X      I      sin  II  y     sin  n  /', 

—  7        X        X  —      X 

.T      n'       i<y        si" "  /' 

4  X     sin  V     sin  /*, 
and  A,=  — X  X   .    ' 

.1  s,  Y       Sin  ;■ 

The  general  ca^c  ol  .i  rectilinear  wave  having  regular 
steps  is  thus  completely  solved.  For  certain  special  cases 
the  expressions  given  may  be  further  simplified. 

(ii)  L'niform  nctanguljr  iltf-s  tsif  Kig.  y). —  For  this 
case  ^:=o,  and  hence 

4  X       I       sin  H  /}< 

A,^^-     X        X  -.       '- 

.T       n  s,     sin «  •/ 


and 


4X       sin/?, 

.T       St.  sm  y 


For  the  higher  harmonics  of  the  orders  (2<J,  ±i),  the 
amplitudes  become 

_4X  1  sin(2y,ii)/<, 

A(,Q,±,)-  ;,   ^(zQ,±,).5/sin(.Q,±i)y 

4     X  sin  il. 

.^     St      (2Q,±l)sinx 

4  X     sin  It,  I 

Fxprcssed   in   terms  of   the  fundamental   harmonic  of 


the  corresponding  trapezium   wave  (Fig.    i),  the   valuer 
of  the  above  harmonics  become 

A,=   -.        xioo,  percent 
s,  sin  y 


,   ,^      -T  X  ICO, percent 
I 

and         A,,o.4..i=^  — ,— 7c-^— .  X  too,  percent 


A„\j,-,-=^-^-, 
A.ag,..)^-(7g7+7)>^'°o.P"< 


(h)  Uniform  s/i/s  as  in  Fig.  3./. —  For  this  case  the 
slot  width  is  equal  to  the  tooth  width,  and  therefore 
y  =  2  >^,  and /J,  =  2  s,  li-     Hence 

4  X     1      sin  It  V     sin  it  /<< 
A,=^      X    ,x  -   — 'x  .       '^ 
.1      n'      St  Y       sin  2  ti  yi 

4  X      I      sin  II  fle         I 

=    -  x-,x— i-^-x 

.T       ir         pt         cos  II V' 


and 


A  ^4-^^sin/?«        I 
'       ;t  /Jf        cos  v 


^4-X^       J „sin(2Q,±l)/>,^. I 

.T       (2Q,±I)'  fir  cos(2Q.±i)v 


4X 

=  — ^— X 


sin  8t        I 
X — r=^X 


-I       (iQrii)'        /»«       sinv 
_lli  V  !l!l£'  X         4Q' 

In  terms  of  the  fundamental  harmonic  of  the  correspond- 
ing trapezium  wave,  the  values  of  tlie  above  harmonic* 
become 

A,  =  (l,'cos  v)  ioov(i  -f  V'V-)  '00.  P'^''  cent 

A„Q,-o=  -  :77^— f)  '  '""•  P"  <=<^"* 
and  "^''O'*""^  ~7(Q7+7)  ^'  ^°°'  ^'^'^  ^^^^ 


^ 


b 
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Summary. 

Object. — To  provide  a  self-explanatory  schedule  for 
routine  work. 

Method. — Sums  and  differences  of  observations  are 
taken  (as  in  the  late  Professor  S.  P.  Thompson's  method 
and  others). 

A  sufficient  number  of  values  are  solved  in  general 
terms,  so  that  working  an  example  is  reduced  to  filling 
in  values  in  known  equations.  This  work  is  expedited 
very  materially  by  means  of  the  schedule.  Nothing  but 
a  slide  rule  is  necessary,  and  the  actual  calculations  can 
be  carried  out  by  persons  with  no  great  knowledge  of 
mathematics. 

Results. — An  example  has  been  worked  out  up  to 
the  17th  harmonic  in  50  minutes,  thus  comparing 
favourably  in  this  respect  with  other  methods.  Further- 
more, the  results  are  given  in  the  form  E  sin  {6  +  a), 
which  is  more  useful  than  E^  sin  0  -f-  Eb  cos  9. 

In  cases  where  harmonics  higher  than  the  17th 
are  present  in  appreciable  magnitude,  an  increased 
accuracy  in  the  analysis  is  obtained  for  a  given  number 
of  ordinates. 

Most  of  the  methods  of  analysing  periodic  wave- 
forms at  present  in  use  are  rather  tedious  to  carry  out 
and  necessitate  a  good  deal  of  time  being  spent  in  the 
evaluation  of  the  various  constants.  The  present  paper 
is  an  effort  to  expedite  calculations  of  this  kind  and  to 
provide  a  ready  method,  by  means  of  a  simple  series 
of  equations,  for  the  analysis  of  periodic  wave -forms. 

In  common  ^vith  other  methods,  the  labour  involved 
in  the  calculations  increases  very  rapidlv  as  the  number 
of  harmonics,  for  which  it  is  desired  to  solve,  increases, 
and  in  consequence  of  this  the  analysis  set  out  below 
has  only  been  carried  out  to  the   17th  harmonic.     In 

*  The  Papers  Committee  invite  written  communications  (with  a  view  to 
publication  in  the  Journal  if  approved  by  the  Committee)  on  papers  published 
in  the  Journal  without  being  read  at  a  meeting.  Communications  should  reach 
the  Secretary  of  the  Institution  not  later  than  one  month  after  publication  of 
tie  piper  to  which  they  relate. 
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practice  it  is  rarely  required  to  determine  harmonics  of 
a  higher  order  than  this.  The  special  case  of  problems 
due  to  toolh-ripples,  however,  where  higher  harmonics 
are  often  met  with,  calls  for  a  rather  different  procedure 
which  is  explained  later. 

The  method  adopted  below  is  carried  out  on  somewhat 
similar  lines  to  that  described  by  the  late  Professor 
S.  P.  Thompson,*  and  consists  of  taking  sums  and 
differences  of  certain  chosen  ordinates,  these  being,  in 
the  present  case,  spaced  equi-distantly  on  either  side 
of  an  arbitrarily  chosen  zero.  The  algebraic  sum  of 
each  pair  of  readings  is  equal  to  a  series  of  terms  of 
the  type  2  E  sin  a  cos  d  Here,  6  is  equal  to  some 
known  angle  which  is  determined  by  the  position  of 
the  ordinates  chosen,  and  E  and  a  are  constants  de- 
pending upon  the  composition  of  the  wave.  In  a 
similar  manner  the  algebraic  differences  of  the  sam.e 
pairs  of  ordinates  give  rise  to  a  series  of  terms  of  the 
type  2  E  cos  o  sin  0,  the  s>-mbols  ha\'ing  the  same 
meaning  as  before,  ^^^len  a  sufficient  number  of  such 
equations  is  obtained,  the)-  can  be  solved  in  terms  of 
the  quantities  Esina  and  Ecosa. 

In  soK-ing  up  to  the  17th  harmonic  there  are  18 
unknown  quantities  to  be  detennined,  \iz.  the  ampli- 
tudes and  phase  angles  of  the  fundamental  and  the 
eight  harmonics.  Thus  18  simultaneous  equations  are 
required,  the  necessary  data  being  obtained  from  18 
chosen  ordinates.  In  order  to  minimize  errors  due  to 
the  incorrect  drawing  of  the  curi'e,  these  ordinates  are 
chosen  at  equal  distances  apart,  viz.  at  5°,  15°,  25°  .  .  . 
165°  and  175°  from  the  point  selected  as  zero.  The 
values  of  these  various  ordinates  will  be  represented 
by  V5,  V,j,  V,5  .  .  .  V,65  and  Vi^,.  Any  point  on  the 
wave  may  be  chosen  as  the  zero,  but  usually  it  is 
convenient  to  select  a  point  where  the  wave  crosses 
the  axis.  In  all  probabihty  this  will  not  coincide  with 
the  zero  value  of  the  fundamental,  but,  if  so  desired, 
on  the  completion  of  the  anah-sis  the  expression  for  the 

•  EUctrician,  1905,  vol.  j5,  p.  79  ;  and  Proceedings  of  the  Physical  Society, 
191J,  vol.  23,  p.  334. 
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wave  can  be  re-stated  so  as  to  bring  about  this  coin- 
cidence. 

Let  the  wave  be  represented  by  the  expression 

V,  =  E,  sin  {$  +  a,)  +  E,  sin  {3  0  +  Qj) 

+    .   .   .    +  E„sin  (17^-1-  a„) 

where  E,.  E,  .  .  .  E,;  represent  the  amphtudcs  of  the 
fundamental  and  the  rcsi')ective  hamionics;  01,03  .  .  .  O17 
the  phase  angles  with  respect  to  the  point  chosen  as 
the  zero  and  fmni  which  vahies  of  9  are  measured; 
and  V,  the  value  of  the  ordinate  at  the  angle  0.  Care 
should  be  taken  to  avoid  confusion  owing  to  the  double 
sense  in  which  the  suffixes  are  used.     Then 

V,j  =  E.  sin  (85°  -^  a.)  -t-  E,  sin  (255°  +  a,) 
+  E5sin(65°+aj)+  ...  +E„sin( 
and 

-V,3=V_ 


=--  E,  sin  (-  85°  +  a,)  +  Ej  sin  ( -  255' 
-fEjSin(-65''-f-a5)+  . . . -f  E.^sin  (-; 


(5°+ a.;) 

;,  sin  ( -  255'  +  Oj) 
.  -f  E,;Sin(-5''+a,;) 

Therefore 

Vm  -  V„  =  V„  +  V_8, 

=  2  E,  sin  a,  cos  85°  +  2  E3  sin  Oj  cos 
4-  2  Ej  sin  05  cos  65°  4-   .   .  . 
+  2  E,7  sin  017  cos  5° 
Similarly 

v..  —  \  10,  =  V„  -T  ^'-?s 


■255° 


■^s" 


Other  readings  are  taken  every  lo*  until  Vj  and 
V,y5  are  reached.  Then  the  resulting  nine  simultaneous 
equations  arc  solved,  thus  obtaining  E,  sin  Oi.  Ej  sin  Oj, 
etc..  in  terms  of  (Vjj-V,,).  (V^j-V,,,,).  .  .  .  (V,-  \%„). 

A  second  scries  of  calculations  must  now  be  made  as 
follows  : — 

V85  +  V„  =.  V,,  -  V_s, 

=  2  E,  cos  o,  sin  85°  -f  2  Ej  cos  Oj  sin  225° 
4-  2  Ej  cos  05  sin  65°  4-   •  .  . 
+  2  E,7  cos  ot;  sin  5° 

^'75  +  ^'loj  =  V75  —  V_7j 

=  2  E,  cos  a,  sin  75°  +  2  Ej  cos  03  sin  225° 
-)-  2  Ej  cos  oj  sin  15°  4-   .  .  . 
4-  2  V-i)  cos  a,;  sin  195° 

In  this  way  another  nine  simultaneous  equations  are 
obtained    and    E,  ens  a,,   E^  cos  Oj,  etc.,  arc   evaluated 


in  terms  of  (Vg,    1-  V,,).  (V-,  4-  N'.os). 


(V,  4-  V.,.). 


The   complete    solutions   of   these    18   equations   are 
set  out  in  full  in  Table   i. 


Then 
and 


E,  =  ■v/[(E,  sin  a,y  +  (E,  cos  a,)'] 

TE,  sin  a,! 
a,  =  tan-'     - 

LE,  cos  a, J 

and  similarly  for  the  various  harmonics.  Care  must 
be  taken  to  observe  the  signs  of  V.  sin  a  and  E  cos  a, 
as  these  determine  the  quadrant  in  which  a  is  situated. 
The  initial  labour  in  solving  the  above  equations  is 
considerable,  but  this  having  been  done,  the  problem 
resolves  itself  into  a  number  of  multiplications  of  the 
various  chosen  ordinates  bv  certain   known  constants. 


^'75  T  ^'-?s 
i=  2  E,  sin  o,  cos  75°  4-  2  E^sinojcos  2 
4-  2  Ej  sin  Oj  cos  15°  4-   .  .  . 
+  2  E,7  sin  0,7  cos  nj5° 

Table  i. 
E,  sinoi  =  4-0-009,  A,  4-0-02873,  roo^GgC,  fo-o637D,  +oo78jE,  f  009I0G,  +o-ioo7H,  4-0 
E,  CTSa,  =  4-o-ii07Aa4-o-io7jBj4-o-ioo7Cj4-oo9i„Dj  +  o- 078,  Fj  4-0  06370^  4-0  046,11,  4-0  ■ 
Ej  sino,  =  — 00287A,  — oo78jB,  -o-i07jC,  — 01073D,  — 00785F,  -00287G,  4-00287H,  4-o- 
E3  cosa,  =  -o-io7jA, -oo78jB, -oo287C^  f  o  02870,  4-0  •0785F,  4-0- 1073GJ  4-0  ■  1073H,  4-0- 
E,  sina,  =  4-0  046, A,  4-0- 1073 B,  4-009I0C,  +0-00970,  -oo78jF,  -0-11070,-0-063711,  4-0- 
E,  cosoj  =  4-0-1OO7A, -f-o- 02876,-0 •0637C,  -0-1107O,  —  oo78jF,  +0-009,0,  +009I0H, +0- 
E7  sin  a,  =  —o  0637  A,  -0-1073B,  -00097C,  4  o-ioOyO,  +oo78jF,  -o  046,0,  -o-iio,!!,  -o- 
E,  cos  a,  —  -o-09ioA, +o-0287B,+o- 1 107C, +0-046,0, -o  0783  F,  -o- 10O7G, +00097H, +0' 
E,  sino,  =  4-0-078,  A,  +0-078,  B,  -oo78,C.,  -0078,0,  +oo78jF,  +0-0785G,  -0-0785H,  -o- 
E,  coso,  =r +o-o78,A, -00785B, -oo78,C,  fo-078,1),  +00785F,  -0-0785O,  ~oo78,H,  H  o- 
E,,sinai,=  -0-09I0A,  — 00287B,  +0-1107C,  -o  046,0,  -0-078,  F,  |  o-  1007O,  +o-oo9,H,  -o- 
E„co»a,i=  -0-0637A, +0-107,8,-0-00970,  -0-1007O,  +o-o78,F,  4-0-046,0,  -0-1107H,  +0- 
E,,Rina,3=2  +0-1007  A,  -"028713,  -o  06370,  fo-ii07  0,  -o-o78,F,  -0-0097G,  +o-09ioH,  -o- 
Eijcosa,,—  +o-046,A,  — o-io7,B,  )  0-09I0C,  — 0-0097O,  — o-o78,F,  +o- 1107G,  — 0-0637H,  — o- 
E„»inai,—  — o-io7,A,  +0-078,8,  0-02870,  -0-02870,  +oo78,F,  — 0-107,0,  +o-io7,H,  — o- 
E,,co«a,,=  -o-0287Aa+o-078,8, -0-107,0,  4-0-107,0, -oo78,F,+o-02870,  +0-028711,  -o- 
E,,  :  o- 1107  A, -0-107,  B,  j  010O7C, -0091,0,  4-o-o78,F| —0-06370, +oo.)6,n, -o- 

K,,'       •  <i  'xivjA,  -  0-02H7U,  )  0-046,0, —0-0637O, +oo78jF, —o-oofoC, +0100711,  — o- 

NoTi   -  A.-(V„-V„);  «.»(V„-V..,);   C.-IV,,- V.„)  ;  0,=-(V„- V,.,) ;  F.  =  (V„-V„,); 
A,-(V„  +  V„);   B.-(V„4  V,„);  C.»(Ve,  +  V,„) ;   0,-(V„  +  V,„);  F,-(V„  +  V,„); 

H.  =  (V„-V,„);  I..  =  (V„-V,4,);  M,  =  (V,- V,,,). 

H,     (V,.  )  V,„)  :   1.,-    (V,.  <  V,m);  M,-(V,+  V„,). 


•  io7,L,  +0- 1 107M, 
■0287L,  +0-0097M, 
078,L,  +o-io7jM, 
0785L,  4-0-0287M, 
0287L,  +0-  10O7M, 
1073L,  +o-046,M, 
o.:8,L, +o-09i„M, 
1073I.,  I0-0637M, 
0783L,  4  o-o78,M, 
o7a,L,  4-o-o78jM, 
io7jL,  -|- 0-06371*1, 
0287L,  +o-o9ioM, 
io7,L,  +oo46,M, 

O287L,  +0-  IOO7M, 

078,L,  +0-0287M, 
078,1-,  +o-  io7,M, 
o28;L,  +0-0097M, 
>07jL,  4  0-II0.M, 

G.-(V3,-V.„): 

G.-{V,3  +  V.„); 
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The  analysis  once  completed  in  this  manner  subsequent 
examples   become  a  matter  of  simple  arithmetic. 

In  order  to  facilitate  the  actual  calculations  still 
further,  a  schedule  has  been  drawn  up  as  shown  in 
Table  2.  This  schedule  is  self-explanatory  ;  in  fact, 
it  is  not  even  necessary  to  be  familiar  with  the  under- 
lying principles  in  order  to  work  out  an  example. 

In  cases  where  it  is  not  desired  to  carry  out  the 
analysis  as  far  as  this,  the  same  set  of  constants  may, 
of  course,  be  used.  It  would  be  possible  to  use  a  smaller 
number  of  ordinates  for  which  a  new  set  of  constants 
would  be  required  ;  but  by  using  those  already  deter- 
mined the  advantage  of  the  increased  number  of  points 
is  obtained  with  corresponding  increased  accuracy. 
For,  by  using  the  constants  given  in  the  table,  the 
effect  of  all  the  harmonics  up  to  the  17th  is  allowed  for, 
whereas  if  another  series  of  equations  were  evaluated 
to  solve,  say,  up  to  the  nth  harmonic,  then  all  the 
undetermined  harmonics  between  the  nth  and  the  17th 
would  tend  to  produce  errors  in  those  which  had  been 
determined.  It  should  be  noted  also  that  the  funda- 
mental of  any  particular  wave  may  be  determined  by 
itself  without  carr}ang  out  the  analysis  any  further. 

The  coefficients  given  in  the  table  are  correct  to 
three  figures  in  an  example  containing  harmonics  not 
higher  than  the  17th.  When  higher  harmonics  than 
this  are  introduced  their  effects  are  avei'aged  out  amongst 
the  lower  ones,  those  of  higher  frequency  being  most 
affected.  In  the  majority  of  cases,  however,  harmonics 
of  a  higher  frequency  than  the  17th  may  be  neglected. 
If  a  larger  number  of  ordinates  is  chosen,  with  a  new 
set  of  constants,  increased  labour  is  entailed,  resulting 
in  increased  accuracy  in  those  cases  where  harmonics 
higher  than  the  17th  are  present  in  appreciable  magni- 
tude. A  method  of  minimizing  the  effect  of  the  higher 
harmonics  is  to  re-analyse  the  wave,  choosing  a  second 
arbitrary  zero,  say  45°  away  from  the  first,  the  average 
of  the  two  analyses  then  being  taken.  The  present 
method  compares  favourably  with  other  approximate 
.solutions,  even  taking  a  single  analysis,  since  the  errors 
introduced  by  using  a  limited  number  of  ordinates  are 
neutralized  to  a  certain  extent  by  the  diversity  cf 
the  coefficients  employed.  Take,  for  example,  the 
analysis  of  {a)  a  rectangular,  and  (b)  a  triangular  wave. 
These  are  very  severe  tests  on  account  of  the  fact  that 
each  of  these  waves  contains  an  infinite  number  of 
harmonics,  those  immediately  following  the  1 7th  being 
almost  as  large  as  those  immediately  preceding  it. 
The  magnitudes  of  the  harmonics  have  been  worked 
out  below  bv  the  series 


4Ersin6ui        sin3a>< 
=  VL~^+^     3         + 


+ 


sin  ,=)  CD  t 

5 

sin  7cjt 

'  I 


and 


"  Rectangular 
■J        wave 


SEPsintoi     sin  3  CD  <    ,    sm^iot 


_  SETsin, 

~     77-  L         I 


9  25 

sin  yiot 

and  these  have  been  compared  with  the  analyses  by 
Thompson's  and  the  author's  methods,  using  the  same 


"I  Triangular 
J      wave 


number  of  ordinates.  It  is  seen  that  a  nearer  approxi- 
mation to  the  correct  values  of  the  harmonics,  and 
also  the  R.M.S.  values,  is  obtained  by  the  present 
method. 

Analysis    of    Rectangular    Wave-form. 
Max.  Value  =  100,  R.M.S.   Value  =  100. 


Coefficients 


E3 
E5 
E7 
E9 
E„ 

E.3 

E:5 

E,7 
■*— 19 
E.. 
E.3 

E.5 

R.^I.S.  value  up 
to  17th  harmonic 


Tme  \'alues  by 
Series 

Author's 
Method 

Thompson's 
Method 

1^7-33 

127-4 

127-0 

4^-44 

42-9 

41-5 

25-47 

26-3 

23-8 

18-19 

19-4 

15-9 

14-13 

15-7 

II  -I 

11-58 

13-5 

7-8 

9-79 

12-3 

5-2 

8-49 

"■5 

3-0 

7-49 

II  -2 

I-O 

6-70 



— 

6-06 



— 

5-54 



— 

5-09 



— 

98-9 


99-95 


97-2 


Analysis  of  Triangular  Wave-form. 
Max.  Value  =  100,  R.M.S.    Value  =  ioo/-v/3  =  57' 7- 


Coefficients 

True  Values 
by  Series 

81 -06 

-Author's 
Method 

Thompson's 
Method 

E, 

80 -9 

Si-3 

^3 

—  9-01 

—  8-9 

—  9-2 

E5 

3-24 

3-2 

3-45 

E7 

—  1-65 

—  1-5 

—  1-9 

Eg 

1  -oo 

09 

I  -2 

E„ 

—  0-67 

—  0-6 

—  0-9 

E:3 

•  0-48 

0-3 

0-75 

Ex5 

—  0-36 

0-2 

—  0-65 

E.7 

0-28 

o-i 

0-6 

E„ 

0-22 



— 

E.I 

0-18 



— 

E.3 

—  0-15 



— 

E.5 

0-I3 

— 

R.M.S.  value  up 

to  1 7th  harmonic 

57-7 

57-6 

57-9 

The  present  method  does  not,  of  course,  give  such 
accurate  results  as  some  of  the  m.ore  lengthy  methods 
which  have,  from  time  to  time,  been  advanced,*  but 
gives  results  sufficiently  accurate  for  the  majority  of 
practical  cases  in  alternating-current  working.  In  any 
case,  methods  involving  the  erection  of  a  number  of 
ordinates,  at  least  equal  to  12  times  the  number  of 
the  harmonic,  t  are  not  generally  applicable  to  oscillo 
graphic  records,  since  such  methods  require  204  equi- 
distant ordinates  per  period  of  the  fundamental  for 
the  determination  of  the   17th  harmo^jic. 

•  .See  Russell's  "  .Alternating  Currents,"  vol.  2,  2nd  ed.    chap.  3. 
t  Ibi.-l. 
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Table  2. 


V6,= 


\\ 


»  105  ~ 

^'165  = 


^(15- 

:«  - 

^73  = 

v.„^ 

V6j  = 

A'lij— 

i 

V,j  = 

lVw,= 

v,,= 

iv.„= 

IT. 

Vjj  = 

iVM5=- 

^'jS  = 

lv.„= 

V,j  = 

IV,*,  = 

^'5  = 

Vl75  = 

J-1-1 

I  UficrcncF   Constants 

+0-009, 
+0-028, 
-t  0-046, 
+0063, 
to  0785 

'  +0-09I0 
40- 100, 

,  +0-107, 
+0  •  1 10, 

Sum  of 
+  terms 

Sum  of 
—  terms 


I-',  sin  <.',  Uiiii:< 
t  I     8-.. 4 


Kj  sin  Oj  terms 
.  7   s-e 


-(.       _       ConstanU>       +       _       Constants 


Sum  total 

]•-,  s:ua, 

H,  cos  a,  terms 


a    1  +  8  £3 

Sum         Constants 

+  0-  1 10, 
+  o-lo7j 
+  0- 100, 
+  0-091,, 
+  0-0785 
+  0-063, 
+  o-04(>, 
+  0-028, 
+  0-009, 

Sum  ul 
+  terms 

Sum  of 
~  terms 


Sum  total 


H« 

V(A*  J  H*) 
A 

n 

1 

E,  cos  at 

t--  .   .  . 

(E,»ina,)» 
(E,  cosa,)' 

1 

E. 
E,  Mn  a, 

l-^,CO»(l, 

« 

1 

\ 

sn  (fl  -4 

—  i)-028, 

—  0-0785 

-0-107, 

o-io7j 

—  0-0785 

—  0-028, 
+  0028, 
+  0-0785 
+  0-107, 

Sum  of 
+  terms 

Sum  of 

-  terms 


Sum  total 


£]  sin  a, 


24'  22    23 

+         - 


E,  cos  a,  terms 

+    ,  - 


2S 
C  onstants 


+0*046, 
+0-107, 
+  009I0 
+  o  -  009, 
—0-0785 

—  o- 110, 
-0-063, 

+0-028, 
+0'  100, 

Sum  of 

+  terms 

Sum  of 

—  terms 


Sum  total 


£j  siji  a. 


—0-063, 
-0-107, 
—0-009, 

+  0-100, 

+00785 

—0-046, 
— o-iio, 
-0-028, 
+00910 

Sum  of 
+  terms 

Sum  v\ 
—terms 


I  Sum  total 

I 

I  JLf  sin  a. 


Ej  cos  a,  terms       |        E,  cos  u,  tern^s 

SO    22-29 


—  0-0785 
-0-028, 
+0-028, 
+  0-0785 

+0-107, 
+0-107, 
+0-078, 
+0-028, 

Sim  of 
+  terms 

Sum  of 
—  terms 


Sum  total 

I  E,  cos  a, 
,  (EjSina,)* 
(i:,co»o,)* 

I  ■; 

1  , 
I  E,  sin  a, 
I   E,  ciis  a, 

1  "J 


27 
Constants 

+0-100, 
+  0-028, 
-0063, 
— o- 1 10, 
—0-0785 
+  0-009, 
+  o-09l„ 
+  0-107, 
+0046, 

Sum  of 

+ terms 

Sum  of 
—  terms 


Sum  tuial 


E5  cos  a. 


22-27 


29 


C  unstants 

+ 

- 

-00910 

+0-028, 

+0-110, 

+0046, 

— 00785 

— 0100, 

+0009, 

+0107, 

+0-063, 

(Ejsin  03)' 

{E,co9a,)» 

1  , 

K, 

E,  sin  a, 
E, cos  Qj 

Sum  of 
+ terms 

Sum  of 
—  terms 


Sum  total  I 

E,  cos  a,  I 
(E,sina,)"j 
(E,  cosa,)- 


I- 


E,  sin  a, 

E, cos  a, 

«7 


»in(3fl+       ")  +        »in(5fl+       *)  +       •in(7tf+       ') 
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Table    2— continued. 

Eg  sin  Og  terms          j         £„  sin  a,i  terms                 Ejj  sin  013  terms 

E15  sin  Qjj  terms 

Ej7  sin  ai7  terms 

12 

13=3  X 12 

14 

15=3x14 

16 
Constants 

17=3x18 

18 

Constants 

-0-1073 

19=8x18 

20 

Constants 

+0-1107 

81=3x20 

Constants 

+ 

- 

Constants 

+     1   - 

+  ;  - 

+     '    - 

+    - 

+  1 

-o-ogio 

+  0-10O7 

+  1 

—  0-0287 

—  00287 

+0-0785 

-0-1073 

—  I 

!        +O-IIO7 

—  0-0037 

—  0-0287 

+0-10O7 

—  I 

-o-046g 

+  0-1107 

— 0-02S7 

-0-0910    ; 

-f-i 

—  0-0785 

—  0-0785 

+0-07S5 

+0-0785 

+  1 

j     +0-I007 

— 0-C097 

-0-1073 

— 00637 

—  I 

+0-0097 

+  o-ogio 

+0-T073 

;    +0-0463    1 

—  I 

-0-1073 

-0-1073 

—  0-0785 

— 0-02S7 

-f-i 

- 

— 

+  0-0637 

-- 

+  0-0469 

+0-0287 

-    - 

+0-0007 

Sum  of 

Sum  of 

Sum  of 

Sum  of 

Sum  of 

+ terms 

+terms 
Sum  of 

+  terms 

+ terms 
Sum  of 

—  terms 

Sum  of 

Sum  of 

Sum  of 

1 

—  terms 

—  terms 

—  terms 

—  terms 

-  terms 

Sum  total 

0-0785  X 

(Sum  total) 

!    Sum  total                          Sum  total 

Sum  total 

Sum  total 

Eg  sin  ag 

;    E„  sin  an    | 

E13  sm  a,3 

E15  sin  ai5 

E17  sin  ai7 

Eg  cos  Og  terms 

Eji  cos  a,j  terms 

E13  cos  aj3 

terms 

E15  cos  ai5  terms 

E17  cos  ai7  terms 

31 

32=82x81 

33                84=22x83 

35 

Constants 

35  ==22x85 

37 

Constants 

—  0-0287 

88=22x87 

+        - 

39 

Constants 

40=22x39 

Constants 

+ 

- 

Constants         -j- 
—  0-0637 

- 

+ 

— 

+  :  - 

+  1 

j     +0-0465 

+0-0097 

—  I 

+  0-1073 

1     -0-1073 

+  0-0785 

— 0-02S7 

—  I 

—  0-0097 

'     +0-09I0 

-0-1073 

+0-0465      ■ 

+  1 

— 0-10O7 

—  0-0097 

+  0-1073 

—  0-0637 

-|-i 

+0-0785 

-0-0785 

—  0-0785 

+0-0785 

—  I 

+  0-0465 

+  0-11O7 

+  0-0287 

— 0-09I0 

—  I 

— 0-IIO7 

-0-0637 

+  0-0287 

+0-10O7 

-rl                                    -^0-0287 

—  0-0287 

-0-0785 

-0-1073 

+  1 
Sum  of 

+  0-09I0 

+0-1007 

+  0-1073 

+0-  11O7 
Sum  of 

Sum  of 

Sum  of 

Sum  of 

-r  terms                               -f  terms                                -f  terms 

i                                            < 

+  terms 

+  terms 
Sum  of 

Sum  of                              Sum  of                             Sum  of 

Sum  of 

—  terms       j                  |       —terms 

1                     ;                             1 

—  terms 

-- 

—  terms 

—  terms 

Sum  total 

1 



0-0785  + 

(Sum  total) 

Sura  total                          Sum  total 

Sum  total 

Sum  total 

_ 

Eg  cos  Og 
(EgSinag)^ 

E,i  cos  fzii 

E,3  cos  aj3 

E15  cos  a, 5 
(Ei5sinai5)^ 

E,7  cos  ai7 

(E„sina„)- 

iHjjSinaxj)^ 
(Ei3Cosa,3)^ 

(E,7sinai7)^ 

(Egcosag)^ 

{E„cosa,i)=| 

(Ei5COSa,5)=' 

(E.7COSa:7)  = 

E^          1 

F-                                          F- 

E^5 

E^. 

Eg 

E„ 

E:3 

fx5 

E17 

. 

Eg  sin  Og 

E„  sin  a„ 

E13  sin  ttij 

E15  sin  ai5 

E17  sin  ai7 

Eg   COS    Qg 

Og 

E„  cos  an 

E,3  cos  a  13 
an 

E13  cos  a, 5 

Et7  cos  Oiy 

an 

"13 

"17 

r          sin  (9^  +         °)  +         sin  (110+        °)  +         sin  (13  9  + 

+         sin  (150+         °)  +         sin  (170+        "} 
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A  modified  set  of  constants,  for  use  in  connection 
with  the  approximate  analysis  of  a  wave  up  to  the 
fifth  harmonic,  may  be  of  value  in  some  cases.  For  this 
purpose  six  ordinates  are  necessary',  and  they  may  be 
taken  conveniently  at  15°,  45°,  75°,  105°,  135°  and 
165°  after  the  zero.  Observ-ing  the  same  nomenclature 
as  before,  the  equations  shown  in  Table  4  are  obtained. 

It  will  be  found  convenient,  for  quickness  in  working, 
to  arrange  these  appro.ximate  calculations  also  in  the 
form  of  a  schedule,  an  example  of  which  is  shown  in 
Table  3. 

If  no  harmonics  higher  than  the  fifth  are  present, 
the  constants  enumerated  in  Table  4  will  give  correct 
results,  but,  of  course,  the  more  pronounced  the  higher 
harmonics  are,  the  larger  the  error  will  be  in  the  deter- 
mination of  the  equation  to  the  wave  b^,-  means  of  tliis 
second  set  of  constants. 

It  \vdll  be  observed  that  the  corresponding  coefficients 
in  Tables  2  and  3  are  not  the  same,  since  the  two  tables 
are  evolved  independently.  The  various  coefiicients 
follow  definite  formulae,  since  they  are  obtained  from 
different  combinations  of  a  number  of  known  sines 
and  cosines,  but  these  formuLe  have  been  omitted 
on  account  of  their  complexity. 

Sometimes  one  or  two   harmonics  stand  out  prom- 


monics  of  >»  and  «  times  the  frequency  of  the  funda- 
mental. The  wave  may  therefore  be  represented  by 
the  expression  : — 

V  =  E,  sin  {6  -r  a,)  —  E,„  sin  (m  9  +  am) 

-f  E„sin  {nO  +a„). 

Taking  six  observations  at  0  =  15^,  45°,  75°,  105", 
135°  and  163°  as  before,  the  following  relations  are 
obtained  : — 

V75— V,o5=2E,  sinai  cos  75''-{-2E„,  sina„  cos  75  m 

4-2E„sina„  cos  75  n 
V75-fV,o3=2Ei  cosa,  sin  75  =  +  2E„  cosa„  sin  75m 

-f  2  E„  cos  a„  sin  45  « 
V^5 — Vj35=2  Ej  sinai  cos  45°  +  2E„  sina„  cos  45»« 

-i-2E„  sina„  cos  45  )i 
V^5-f  V,35=2  Ei  cosoi  sin  45°-f-2E„  coso^  sin  45  >« 

-}-2  E„  cosa„  sin  45  >i 
V,5 — V]t,5=2  Ej  sina,  cos  i5°-f  2  E„  sinom  cos  i^ni 

-r2E„  sina,,  cos  15  n 
V,5-i-Vj65=2  El  costti  sin  i5°-f  2Em  cosam  sin  15m 

+  2  E^  cos  a„  sin  1 5  « 

Since  the  values  of  m  and  n  are  determined  by  inspec- 
tion, it  is  an  eas5-  matter  to  separate  out  Ej  sin  Oi. 


inently  on  an  experimental  wave-form,  and  it  is  possible 
to  determine  their  frequency  by  inspection.  In  a  case 
like  this  it  may  be  desirable  to  analyse  the  wave 
approximately  into  the  fundamental  and  either  one  or 
two  outstanding  harmonics.  Let  the  case  be  taken 
where  a  wave  of  this  nature  has  two  prominent  har- 


Ej   cos  a,,    etc.,   and   thus    to    evaluate    the    required 
amphtudes  and  phase  angles. 

This  procedure  is  applicable  to  the  case  of  the  approxi- 
mate determination  of  ripples,  but  the  presence  of 
any  intermediate  harmonics  wiU,  as  before,  affect  the 
accuracv  of  these  determinations. 
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NOTES   ON    THE    ELECTRICAL    CALCULATIONS   OF    LONG-DISTANCE 
HIGH-VOLTAGE   TRANSMISSION    LINES.* 


By  A.   McKiNSTRV,  B.A.,  M.Sc,  Member. 

{Paper  first  received  5  February    1918.  and  in  final  form  5  May,  1918.) 


In  studying  the  electrical  cli.ar.icteristics  of  high-voltage 
long-distance  transmission  lines,  the  author  has  found  that 
individual  publications  and  papers  on  the  matter  deal  so 
often  with  particular  ph.ises  of  the  problem,  or  with  par- 
ticular cases,  that  it  is  diflicult,  without  the  perusal  of  a 
I  !(.•  amount  of  literature,  to  gel  a  good  grip  of 

1:  .  ii-lmc    problems.     An   attempt    h;is    therefore 

been  made  in  compiling  the  following  notes  to  get 
together  the  fundamental  formul.-c,  particularly  those 
embodying  convergent  series,  and  by  way  of  illustration 
to  show  the  application  of  the  latter  to  the  calculations 
of  certain  transmission  lines  referred  to  later. 

In  addition,  the  question  of  "  constant-voltage  transmis- 
sion" is  discussed,  and  proof  given  of  the  fundamental 
formul.x-  in  connection  with  such  transmission,  and  these 
formula.-  arc  applied  to  tlic  s.ime  transmission  lines. 

The  methods  of  calculation  indicated  are  those  advo- 
cated by  Mr.  H.  H.  Uwight.  Further,  the  theoretical 
matter  in  connection  with  constint- voltage  transmission 
is  elaborated  considerably  with  a  view  to  making  the 
problem  of  constant-voltage  transmission  more  easily 
understood  than  is  the  case  from  the  bulk  of  the  litera- 
ture which  the  author  has  seen  in  connection  with  this 
subject. 

The  notes  arc  divided  into  the  following  sections  : — 

Section  I.— Fundamental  formula:  for  transmission  lines 
without  branches. 

Section  2. — The  solution  of  a  line  c^  miles  long  delivering 
25,000   kw.  of   three-phase   50-pcriod    energy   at    100,000 
volt*,  80  per  cent  power  factor,  which  solution  includes 
a   proof   of   the  formul.-c   used  for  obtaining  the  various 
chat.tcteristics  of  the  line. 

St'lwn  3. — Constant-voltage  transmission   with  proof  of 
the  fundamental  formula  for  the  "  circle  di.igrani." 

Section  4. — C  alculation  of  the  "  circle  diagram  "  for  the 
line  in  Section  2. 

Section  5. — Calculation  of   tiie  cipacily  of   synchronous 
condensers  retjuiied  for  operating  the  line  in  Section  2 
.1  . .....!  ,nl  voltage,  together  with  the  solution  of  the  line 

tics  when  so  operating. 
1.   w   'I  <).— The  solution  of  a  line  380  miles  long  <leliver- 
ing  iH  ric«,  kw.  of  tlircc-pli.isi-  25pcriod  energy  at   130.000 

■ .  lion  7. — Tabic*  of  line  data,  etc.,  ncccss;irv  in  making 
caJculalioD*. 


'   lo  wkk*  lb.)'  t>t«U 


Section'   i. 
fukdamental  formll.*:  for  transmission  lines 

WITHOL'T    BKANCHES. 

Let  E,  be  the  voltage  at  the  supply  end, 


I, 

current 

E 

,       voltage      „       receiving  end 

I 

,      current     „ 

Y 

line  admittance. 

z      , 

„    impedance. 

then   E,=  Ecosh  v/(YZ)-|-    ,  '  2NlZsinh^/(YZ)        (i) 

and      I,  =  1  cosh  V(YZ)-|-  -,|Y^^EYsinh^/(YZ)        (2) 

(i)  and  (2)  are  the  fundamental  formulx  for  tr.ansmission 
lines  in  terms  of  hyperbolic  functions  and.  by  their  means, 
accurate  solutions  of  transmission-line  problems  may  be 
obt.iincd. 

The  practical  difliculty  that  arises  in  the  use  of  these 
formul.x-  is  tliat  tables  of  values  of  cosh  ^i\' Z)  and 
sinh  v/(YZ)  do  not  cover  a  close  enough  range  of  values, 
and  it  is  therefore  often  necessary  to  interpolate  values  to 
correspond  to  a  given  problem.  This  introduces  errors 
and,  in  many  cases  where  interpolating  has  to  be  done, 
makes  the  solution  only  approximate. 

The  use  of  hyperbolic  functions  can  be  dispensed  with 
by  expanding  cosh  y/(\ /.)  and  sinh  ^(\Z)  in  ascend- 
ing powers  of  ^(\"/.).  This  gives  convergent  series,  and 
has  the  advantage  that  no  tables  arc  required  for  line 
calculations  other  than  those  for  the  line  char.icteristics 
such  as  resistance,  reactance,  capacity  siisceptance,  etc. 

These  arc  as  follows  : — 


.  =  e(i  + 

-(■ 


YZ        Y^Z' 

2    ■*"  2  .  3  .  4 


•) 


+  I  Z(i 


YZ  Y^Z^ 

■  2  .  3  +  2  .  3  .'4  .  5 


v<^^ 


and  1 


YZ        Y'Z* 


■  ) 


Y'Z* 


+  Ky(i +'''''  + 


..)-u. 

Any  degree  of  accuracy  can  be  obtained  by  carrying  the 
terms  far  enough,  but  in  practice  this  is  done  only  far 
c  nough  for  the  values  of  the  terms  to  become  negligible 
in  comparison   with   JVZ,  and   in    most  cases  it  will   be 

Y*  /•  Y'  Z' 

found  that  there  is  no  need  to  go  beyond         '     and 
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Section   2. 

Solution  of  qo-Mile   ioo,ooo-Volt  Line,  with    Proof 
of  formul.b  used  ix  the  solution. 

The  conditions  assumed  are  as  follows  : — 


Power  to  be  delivered  ... 
Phase  and  frequency     ... 
Voltage  at  receiver  end  of  the  line 
Power  factor  at  load 
Size  of  each  conductor  ... 
Effective  spacing  of  conductors 
Reactance  of  transformers,  coil 

at  each  end  of  the  line 
Resistance  of  transformers,  coils,  etc., 

at  each  end  of  the  line 
Length  of  line     


U,  etc. 


25,000  kw. 

3  phase,  50  period 

100,000 

80  per  cent 

0000  B.  &  S. 

14  ft. 

say,  6  per  cent 

say,  I  per  cent 
90  miles 

The  methods  of  calculation  deal  with  "total"  current 
instead  of  current  per  line,  and  where  the  current  per  line 
is  required  it  is  necessary  to  divide  the  "total"  current 

byv/3- 

25,000  X  1,000 


Total  load  current  = 


=  312-5 


100,000  X  08 
.•.  load  current  in  phase  with  receiver  voltage  E 

=  312-5  X  0-8  =  250 
and  load  current  in  quadrature  with  receiver  voltage  E 

=  312-5  X  0-6  =187-5 

The  resistance  of  the  set  of  transformers,  coils,  etc.,  at 
the  receiver  end  is  specified  as  i  per  cent,  i.e.  i  per  cent 
of  100,000  volts  is  required  to  drive  the  "total"  current 
through  the  resistance  of  the  transformers,  coils,  etc. 


Therefore  this  resistance  is  = 


I         100.000 
X 


:  3'2  ohms 


100        312-5 

The  resistance  of  the  transformers  at  the  generating 
end  (i.e.  the  supply  end)  of  the  line  is  estimated  to  be  the 
same,  consequently  the  total  resistance  of  the  two  sets  pf 
transformers  and  coils  is  3-2x2:=  6-4  ohms. 

The  reactance  of  the  set  of  the  transformers,  coils,  etc., 
at  the  receiver  end  is  estimated  to  be  6  per  cent,  and 
working  this  out  in  the  same  way  as  for  the  resistance 
we  get 

6        100,000 


reactance  =  —    v 
100 


512-5 


:=  19-2  ohms 


With  transformers  of  similar  reactance  at  the  generating 
end,  the  total  reactance  of  the  transformers  at  the  two 
ends  would  be 

19-2  X  2  =  38-4  ohms 

This  resistance  and  reactance  will  be  added  to  those  of 
the  line  to  get  the  total  resistance  and  reactance.  The 
error  introduced  by  doing  this  is  negligible  for  practical 
engineering  work. 

It  is  also  necessary  to  take  account  of  the  energy  con- 
sumed by  the  transformers  at  no  load,  together  with  the 
magnetizing  current.  This  is  done  by  adding  the  watt 
component  to  the  line  leakage,  and  subtracting  the 
magnetizing  current  from  the  line  capacity  current. 

The  watt  component  of  the  no-load  current  taken  by 
each  transformer  is  assumed  to  be  0-5  per  cent  of  full-load 
current,  or  0-5  per  cent  of  312-5  or 


312-5  X  0-5 

IcO 


;  1-562  amperes 


This  is  reduced  to  the  value  for  insertion  in  the  line 
admittance  by  dividing  by  the  voltage  at  the  receiver  end, 
and  is  therefore 

1-562    

100,000  ' 

We  may  regard  the  transformers  as  reduced  to  an 
equivalent  length  of  line  and  the  above  figure  as  the 
leakage  due  to  that  length  of  line.  For  the  two  trans- 
formers, one  at  each  end  of  the  line,  the  total  leakage 
therefore  will  be 

2   X  0-00001562  =:  0-00003  124 

The  magnetizing  current  is  taken  as  5  per  cent  of  full- 
load  current,  and  will  therefore  be  10  times  the  value  of 
the  no-load  energy  figure. 

Regarding  the  transformers  as  reduced  to  the  equivalent 
length  of  line,  we  may  regard  the  magnetizing  current  as 
added  algebraically  to  the  line  admittance,  and  the  figure 
filled  in  for  tlie  value  of  this  for  the  two  transformers  will 
be  10  times  that  of  the  leakage  or 

10  X  000003124^00003124 

Line  resistance. — .\  0000  B.  &  S.  stranded  cable  (7  wires'! 
has  a  resistance,  as  got  from  the  tables,  of  0-2691)  ohm  per 
mile,  at  approximately  70°  F. 

.-.  resistance  of  90  miles  =  90  X  02699  =  -4'-9i  ohms 

Reactance. — The  reactance  per  mile  of  a  line  w-ith  14  ft. 
effective  spacing  is,  from  tables,  0-343  ^  -•  ^^^  ^^^ 
90  miles  is 

=  0343  X  2  X  90  =  61-74  ohms  =■= 

Total  resistance  of  one  line  including  transformers,  etc. 

=  24-291  4-  6-4  =  30-691  ohms 
Total  reactance  of  one  line  including  transformers,  etc. 

=  61-74  +  38'4=  10014  ohms 

Therefore  inipeitance  of  line  Z  =  30-691  -|-  i  100-14. 

We  assume  that  the  leakage  due  to  the  line  proper  is 
zero,  because  the  line  is  being  run  below  the  corona  limits 
of  voltage,  and  the  leakage  from  insulators,  etc.,  is  taken  as 
zero,  therefore  the  leakage  due  to  the  line  proper  =  o. 

The  capacity  susceptance  per  mile  of  line  from  the  tables 

=  2-17  X  io~°  X  2 
and,  therefore,  for  a  90-mile  line  is 

=  2-17  X  lo-*^  X  2  X  90  =  0-000389 
Admittance  due  to  the  line  proper  is 

o  -f-  /  0-000389 
Admittance  due  to  transformers,  etc.,  is 
000003124  —  /  00003124 
Therefore  the  total  admittance  Y 

=  0-00003 1 24  -t-  0-0000766 

•  The  value  0-343  fiUd  i°  is  takea  from  the  tables  for  23  periods  and  is 
multiplie'1  by  2  to  give  the  value  for  50  penuds. 
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A  B 

From  (3)  K  =  1  lO.txVj  +  1  19,556  (>>cc  Appendix  1 

Therefore  K  =  1^7.57^ 

At  no  load  I  =  o 

A  H„ 

and  aj:ain  from  13)      E    =  99.<>^  +  '  273 

Therefore  E„  =  99,665 

C  D 

From  (4)  I  =  25278  —  1 178  53 

Therefore  I  =  30<^  47 

At  no  load  I  =  o 

and  again  from  (4>      I    =  .V "35 +  ' 7  <>543 
Therefore  I    =826 

Certain  numbers  alwve  have  been  designated  with  the 
letters  A,  H.  C  and  I),  A.,  B ,  C  and  D„.  A  and  H  are  the 
portions  of  the  voltage  at  the  supply  end  of  the  line  which 
arc  in  phase  and  in  quadrature  respectively  with  K,  the 
voltage  at  the  receiver  end.  C  and  1)  are  likewise  portions 
of  the  current  at  the  supply  end  which  are  in  phase  and  in 
quadrature  respectively  with  K. 

In  the  same  way  A.  and  15,  are  the  portions  of  the  voltage 
at  the  supply  end  of  the  line  at  no  load  which  arc  in  phase 
and  in  quadrature  with  E.  Similarly  C  and  D„  arc  the 
portions  of  the  current  at  the  supply  end  of  the  line  at  no 
load  which  arc  in  phase  and  in  quadrature  respcctivelv 
with  E. 

It  will  therefore  be  evident  that  the  voltage  and  current 
at  the  supply  end  at  no  load  and  full  load  will  be  the 
square  root  of  the  sum  of  the  squares  of  the  in-phasc  and 
quadrature  ptortions. 

Therefore  E,  =  ^/^A'  +  B'» 

I,  =  ^(C  +  I)') 
E,  =v/(A,'  +  IVi 
],,=  ^(Cl+Dl) 
Various  combinations  of  A,  B,  C.  D,  and  A..  B„,  C„  Do. 
give    complete     information     regarding    line    regulation, 
efficiency,  power  factor  at  geiKratiiig  end,  etc. 

We  will  now  prove  the  formul.x-  for  the  various 
characteristics  of  the  line  in  terms  of  these  symlwls 
A,  B,  C,  I),  etc. 

KfLL-LOAD  CoxniTIOXS. 

\"'>llag<-  at  receiver  end  =  E. 

I . //.lyfc  III  tcmxci  (lid  lor  ct'in/,i/i/  iiif<f<ly  i-olts. 

At  no  load  I  =  o 

Mib«liluling  this  value  in  (3)  we  get 

K,.-K(,.^7.V-....) 

From  thit  we  m:c  that  the  ratio  of  the  voltages  al  the  two 
end*  of  Ihe  line 

-  I  +  V  ■♦•  j^,'/^ '    +•■  .      at  no  load 


and  is  therefore  constant,  as  the  right-hand  side  of  the 
equation  is  made  up  entirely  of  line  constants.  If,  there- 
fore, we  want  the  voltage  (say  EJ  at  no  load  at  the 
receiver  end  of  the  line  for  constant  suppiv  voltage  E,,  we 
also  have 

F  V  y       ^'-  7-  IT 

=-'  =  !-(-       ■  +         '    +  .  .  .  and  therefore   =   ,C 


.-.  K  =  E  j''      or 


^.  ^  J.,    v/iA'  +  B') 

"v/(A;+b:i 


The  regulation  at  the  receiver  end  from  no  load  to  full 
load  for  constant  supply  volts  (i.e.  change  in  voltage)  is 
E,  —  E  or 

v'tA^  +  B:* 
or,  expressed  as  a  percentage  of  E, 

the  regulation  at  the  receiver  end  for  constant  supply  volts 
E     >/'^'+  "'^  _  E 


N/IAJ+Bi) 
E 


100%      .    .    (5) 
The  voltage  at  the  supply  end  =  y/t.\'  +  ti')       ■     ■     l6t 


Kic.  1. 

The  regulation  at  the  supply  end  for  constant  receiver  volts 

^  (volt.ige  al  full  load)  —  (voltage  at  no  load) 

=  y/(\-  -4-  B')  -  v'(a:  +  K;) 

or,  expressed  as  a  percentage  of  full-load  voltage, 
the  regulation  at  the  supply  end  for  constant  receiver  volts 
_  v/(A'-»-B')-s/iA:+  Bf,) 


100  % 


(7) 


v/(A'+B') 
The  current  al  Ihe  supply  end  at  full  lo.id 

=  s/{C'  +  D') (H) 

The  kilovolt-antperes  at  the  supply  end  at  full  lo.id 

=  ,  j^v'wV  +  B')^/(C'-Hr.      ...     (9^ 

The  kilow.ills  al  Ihe  supply  end  nie  found  by  nuilliplying 
the  current  al  iImI  end  which  is  in  phase  wilh  the  voltage 
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there,  hy  the  voltajje,  and  dividing  by  1,000.     Fig.  i  shows   j    The  in-phase  current  at  supply  end  in  total  amperes 
that  the  current  in  phase  with  E^ 


=  I,  cos  (a  -I-  (31 

=  I,  (cos  n  .  cos  (5  —  sin  a  .  sin/j) 

./AC       B      D\    .         „  . 
=  If    -r^  •  J-  4-  -rr  •       1  Since  L)  IS  negative 

_  AC-h  BD 
~         E, 


Multiplving  this  bv  — —-  we  get 
'  '     "  -    1,000         ^ 

kilowatts  at  supply  end  ^ (AC  +  B  I))  .     (10) 

1 ,000  \     / 

[Note. — Fig.  i  is  drawn  for  a  case  where  I^.  is  lagging 
behind  E. 


I  _kw.  X  1,000       AC  +  BD 

volts"   "    —  v/(,A=  -l-B--) 

!    The  reactive  k.v.a.  at  the  supply  end 


(12) 


(current  in  quadrature)  X  voltage 

1,000 

=  I,  .  sin  (a  +  f5)  .  E,  -^  1,000 


I.  E, 


(sin  a  cos  li  +  cos  a  sin  (3,) 


1,000  \Es  Is      E,  IJ 


EC  —  AD 

1,000 


is  negative 
.     .     .     (13^ 


Fig.  2. 

Fig.  2  shows  a  case  where  Ij  leads  E. 

Here  current  in  phase  with  E  :=  L  cos(«  —  p) 

=  Ij  (cos  a  .  cos  fi  -\-  sin  a  .  sin  /3) 

D  is  now  positive,  so  that  here  again  the  value  becomes 

:=r ^ ,  and  therefore  the  expression  for  the  kilo- 

watts  is,  as  before,      '     (A  C  -|-  B  D). 
1 ,000  ^ 


Fig.  3  shows  a  case  where  I,  leads  E,  and  here  again 

evidently  kw.  =      '  -  (AC  +  B  D). 
1,000 

Hence      —  (AC  +  BDHs  the  general  expression  for 
1,000 

the  kilowatts  at  the  supply  end.] 

The  power  factor  at  the  supply  end  :=         '     X  100  % 

A  C  -(-  B  D  „ ,  ,     , 


It  is  necessary  to  know  whether  this  reactive  k.v.a.  is 
leading  or  lagging,  in  order  to  determine  whether  the 
power  factor  at  the  supply  end  is  leading  or  lagging. 

If  the  expression  (B  C  —  A  D)  is  positive,  the  current  at 
the  supply  end,  and  also  the  reactive  kilovolt-amperes,  are 
lagging. 

If  the  expression  (BC-AD)  is  negative,  then  the 
current  at  the  supply  end,  and  also  the  reactive  kilovolt- 
amperes,  are  leading. 

The  reactive  current  at  the  supply  end  in  total  amperes 
react ivc  k.v.a.  x  1,000 
~  volts 

Therefore   reactive    current   at   the   supply    end    in   total 
amperes 

(■4) 


BC-AD 


The  kw.  loss  in  line 

=  (kw.  input  into  line)  —  (kw.  output  taken  from  line) 

The  kw.  input  as  proved  above  =  ^  ^^  (AC  -|-  B  D). 

The  output  from  the  line 

E  X  (total  amps,  of  load  in  phase  with^E) 


If  we  designate  the  load  amperes  in  phase  with  E  as  P, 

E  P 

then  the  output  = 

I  ,ooo 

Therefore  kw.  loss  in  line 


(AC  -I-  BD-EP) 


(■5) 


kw.  output  „• 

The  percentage  efficiency  of  the  line  =   j.^,   ^      ^^    'oo    b 

Therefore  percentage  efficiency  of  line 


EP 


AC  +  BD 


100  % (16) 


NO-LO.^D  COXDlTIOXS. 

The  proof  of  the  following  formulae  for  the  various 
characteristics  of  the  line  at  no  load  are  exactly  similar  to 
those  given  above  for  the  full-load  condition. 
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The  voltage  at  the  receiver  end  for  consUnt  vollane    it  Kilovoltainpercs  al  the  supply  end  at  full  load 

supply  end  is,  as  shown  above 


X  E 


('7) 


=  .,ooo^^-^'+'*')^'^'+''°> 
I 


The  voltage  at  the  supply  end   lor   coiivtaiit    rctci\cr 
voltage  is,  as  shown  above 

=    y/{.\l    +     \i^  llSi 

Current  at  supply  end  =  ^/(C;  +  IV)        (  iqi 

Kilo\-olt-ani|->cre>  at  supply  end 


1,000 


y/i.v  +  n-'i  ^/ic  +  n 


Kilowatts  .-It  supply  end  = (A„C,+  B,  ll,i.     .    {2U 

I'owcr  factor  at  supply  end  in  percentage 
_  A„  C,  +  B  D„ 

In-ph.i>e  current  in  total  amperes  =  "  °    °  "^     "    °        12-1 

*  ^/(AJ  +  B'J     •     ^^^' 

B,Q  — A,D. 

N/(Ar+  BJ) 


Reactive  current  in  total  amperes  ^ 


"-M> 


(If  f^iiUrt,   current  is  lagging.     If  iicfialive,   current  is 
leading.) 


Kilowatt  loss  in  line 
I 


1,000 


(A«C    +  B„D  )  as  there  is  no  load      .     (j; 


X  '^7.^74  '^  .»09'47  =  ."'M^ 

Kilow.itts.it  the  supply  end  .it  full  load=      '     ( .\  t.  -i-  H  D) 

1,000 

~T^['-'''°^  ^  *-''*'7*  +  '9o56  X  1  -  i7«-53)] 

~  1 .000  '•' '  •'^'7'«»  -  7»W^  400) 
=  2>*375  kw. 
riic  power  factor  at  the  supply  end  .it  full  li>.id 

=  , 100%=      'P^x  100  %  =  71-87 

k.v.a.  '^       .'<m8o  a>       /      / 

(.lagging,  see  below) 

The  in-ph.-ise  current  at  supply  end  in  total  .imperes  : 

A  C  +  H  D       kw.  X  1 ,000       28,375,000 

^/(A=+U=)■~         volts        ~     127.574    "---■• 

therefore  the  in-phase  amperes  will  be  128-4  per  wire. 
The  re.ictive  k.v.a.  at  supply  end  in  total  amperes 

B  C  -  A  D  _  H).556x  asa^S— 126.066  x  (—  178-53) 
1,000      ~  1,000 

=  4.Q43..')00  +  22..So6ooo 
1,000 
j  =  27450' 

'       The  reactive  current  al  Mipply  end  in  tol.il  .imperes  : 

I    BC —  A  1")        rcaclive  k.v.a.  x  1,000 


n/(A'+BT 


volts 


.\l'l'LIC.\TION    OK   THtSK    FoK>ll-L.t:   TO  ABOVE    LiXE. 

Full-Load  Conditions. 

..        ..  ^/(A'-^-  B")  127.574 

•■-=*•-   fTk'^  om  =  '00.0M  X        ; ' ^  =  1 28,003 

which  will  be  the  voltage  at  no  l<,.id  at  the  receiver  end  for 
constant  voltage  al  the  supply  end. 

TI1C  regulation  at  the  receiver  end  lor  constant  supply 
voltage  will  therefore  be 

128,003  —  100,000 

,00,000 X  100=28-0% 

The  volugc  at  the  supply  end  at  full  load  for   ioo,c>» 
volt*  at  receiver  end 


27.450  X  1.000 


=  215-2 


« 27.574 

Therefore  re.ictive  current  per  wire  ^  1 24-25,  and  as  the 
sign  is  positive,  it  is  lagging. 

The  kw.  loss  in  line,  etc.  ^  (kw.  line  input)  — (kw.  line 
output) 

,  ^(A  C  -(-  li  I)  -  K  I')  =  28,375  -  25,000  =  3.375  kw. 

The  per  cent  eflicicncy  of  line,  including  transformers,  etc. : 

KP  kw.  output  « '~  25.000  " '~ttB.    o, 

■  ,.■  ■   ■■-,.  X  100=  ,  J-~   =     Z  =   •*"  '  % 

AC+HD  kw.  input  28.375 


No-I.OAI)  CoNDITIllNs. 


The  volt.ige  at  the  receiver  end  for  constant  volt.ige  al 
the  ^upply  end  is  ^hown  .ibovc  to  be  I28.(x)3. 
Tlie  regulation  at  the  supply  end  for  constant  receiver  volts       T'"'  voltage  at  the  supply  end  for  constant  receiver  volls  i> 


=  s/(A'  +  B-)=  127,574 
t  the  supply  end  for  const: 

s'/A'  +  m  -  v^a;  +  b:)  =  127,574  -..,//.-,  =  i7,(,3,; 


Oi   III  pcitciiUgCss  '7''^    X  100=  21  88  •■„ 
"7.S74 

The  current  at  the  *upply  end  in  total  amperes  at  full  load 

«V'«>  +  I)')  =  3o.,-47 

whiili  give*  ampcrc«  per  wire  ■■  17K 7. 


=  n/(a:+  ic)=<«.''ft5 

Current  at  the  supply  end  =  v^tCi  +  D.'.)  =  8-26 
The  kilox-olt-ampcrcs  al  the  supply  end 

=  (amps.)  (volts)  =2  8-26  X  iw.'i<>5  =  821 

1 ,000  ^      '     ' '  '       I  ,rKO  '      •  ■' 

*  A>  Uih  b  •  pnltlvr  qiuolIlT,  Ihli  |iva  ■  lanlnf  k.v.a..  .mil  llioTlora  tbt 
powfT  l^rtor  lowtfl  abo^^  It  laitrlnff. 
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The  kilowatts  at  the  supply  end 
=      '  -  (A.  C„  +  Be  Do) 


I 


(99,664  X  3-11  -h  2736  X  7-65) 


1,000 

=  (309"95  +  2-09) 
=  312 


Power  factor  at  the  supply  end  in  percentage 

)7-9  %• 
(leading,  see  lielow) 


kw.        312  „,  „, 


The  in-phase  current  i;i  total  amperes 

kw.  X  1,000 312,000 ^ 

volts  99,663      '^    '^ 

in    total   amperes   cr  in-phase   amperes    per    wirc=r87. 

^       ,.  ,  •     f  t  1  BoCo  — A„D„ 

Reactive  current  ui  total  amperes  =  — ; — -— :7- 

n/(A^+Bo) 
2736  X  3'ii  -  99,664  X  7'65 

~  99.661 

_  —  761.580  „.(^. 

-      99.665    -      '    ^ 


or  reactive  amperes  par  wire  =  —  4'4i  (as  tliis  is  negative 
the  power  factor  is  leading). 
Kilowatt  loss  in  line,  etc.. 


1,000 


(Ac,  Cc  -|-  Bo  Do)  =312  (as  there  is  no  load) 


Conditions  Specified  at  Supply  End  of  Line. 

The  whole  of  the  foregoing  refers  to  a  case  where  the 
conditions  are  specified  at  the  receiver  end  of  the  line. 

Where  the  conditions  are  given  at  the  supply  end  and  it 
is  desired  to  find  those  at  the  receiver  end,  then  funda- 
mental formulaj  (3)  and  (4)  become 

'\     ^     2  2.3.4  ' 


■..(.+1- 


Z  Y=Z^ 

+ 


—   .  .  .)      (26) 

- .  s  / 


■3       2.3.4.5 
and  I  =  I,  (i  -(-  —  +  ^^^  .  ■  ■) 

-  E,y(i  +  ^  4-      ^'^-    ^  .  .  ■)     .     (27) 
V       2.3  ^2.3.4.5        J 

since  power  is  now  flowing  away  from  the  point  where 
the  conditions  are  known,  namely  the  supply  end. 

The  same  procedure  as  before  is  followed  lo  obtain  the 
quantities  for  voltage  and  current  at  the  receiver  end. 
Call  the  in-phase  and  quadrature  portions  of  the  voltage  at 
the  receiver  end  F  and  G  respectively,  and  the  in-phase 
and  quadrature  portions  of  the  current  at  the  receiver  end 
H  and  K  respectively.  Combinations  of  F,  G,  H  and  K 
give  us  information  required  regarding  the  conditions  that 
will  obtain  at  the  receiver  end  when  the  line  is  loaded. 

At  no  load,  however,  the  conditions  are  not  all  specified 
at  the  supply  end.  For  example,  we  do  not  know  the 
kilovolt-aniperes  at  the  supply  end  or  the  current.  We 
onlv  know  that  the  load  is  zero  at  tlic  receiver  end. 


We  have  previously  seen  that  the  ratio  of  the  voltages  at 
the  two  ends  of  the  line  at  no-load  is  equal  to 


(1-,^+^^^ 


2-3-4 


-) 


therefore  E-  =  E,  —  fi  +  —  -|-    -----  4- 

■    \  2         2.3.4 

expanding  this  we  get 

E,  =  E,  fi  -^'^-1-5  Y=Z  =  -  ^  (Y3Z3) 


24 


720 


^8,064^  '^ 


■)  (28) 


This  gives  us  vector  quantities  for  Eo.     Call  them  F^  and 
Go.     With  the  load  as  zero  we  get  from  (4) 


.,  =  EoY(:  +  ^:^-h^^-4-...) 


2-3       2.3.4.5 
substituting  the  value  for  E^  from  (28)  we  get 
YZ 


I, 


:,v(, 


4-  -■'   X  Y'Z=  .  .  .) 

24  / 


(1+^5  + 
v        2.3 


Y=Z-- 

2-3-4-5 


■) 


The  above  series  are  now  multiplied  together  by  ordinary 
algebraic  methods  and  we  get 


I,o  =  E,y(i  — ;YZ  4-— Y=Z= 
\        3  15 


62 


315  2,835 


)    (29) 


This  gives  us  two  vector  quantities  for  tiie  current  at  the 
supply  end  when  no  load  is  taken  from  the  receiver  end. 
Call  these  quantities  H^,  and  K^- 

We  will  now  show  that  various  combinations  of 
F,  G,  H,  K,  and  F„,  G„  Ho,  Ko,  give  us  the  conditions 
obtaining  in  the  line  at  full  load  and  no  load. 


(30^ 
(31) 


The  voltage  E  at  the  receiver  end 

=  n/(F=  +  G')  at  full  load     .     . 

The  voltage  Eo  at  the  receiver  end 

=  V(F=4-G;)at  no  load  .     .     . 

The  regulation  at  the  receiver  end  for  constant  voltage 
E  at  the  supply  end  is  the  rise  in  voltage  between  no  load 
and  full  load  and  is  therefore 

=  ^{Fl  4-  G„)  -  VtF"  +  G=) 

or  as  a  percentage  of  full-load  voltage  E,  at  the  receiver 

end 

>/(F;4-G;)-V(F-  +  0-),,„„,,  (3^^ 


Regulation  = 


s/  (F=  4-  G=J 


X  100  % 


If  we  require  constant  voltage  E  at  the  receiver  end,  we 
would  get  a  voltage  (call  it  E«>)  at  the  supply  end  where 

"E-  V'+    2    ^2.3.4  )       ii» 


Therefore 


2        2.3.4 
E    =^'^E 


=  E 


^^F^  G--) 
v/(F  4- Go) 


9ft 
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Therefore  for  conslanl  voltage  K  at  the  receiver  end,  the 

voltage  at  the  supply  end  would  chaiij^c  from   E    at  full       at  lull  load 

load  to 

V      or    '^^^^^tp.'lE,  atnoload 


The  reactive  current  in  total  amperes  at  the  receiver  end 

.     .     .     •     (44) 


Therefore  the  regulation  at  the  supply  end  for  constant 
voltage  E  at  the  receiver  end  would  be 


or  as  a  percentage  of  E,  the  regulation  at  the  supply  end 
for  cx>nslant  voltage  E  at  the  receiver  end 


E, 


lOO  "„ 


The  cuirent  in  lolal  amperes  at  the  receiver  end  at  full 
load  would  be 

=  v(M    +  K'l (541 

The    current    at    the    supply    end     lor    no    load    would 
similarly  be 

=  v/iH-  +  Ky (35) 

The  kilovolt-amperes  at  the  receiver  end  at  full  load 

^^(F'  +  G^yfH'+K')  ,,,, 

1.000 

The    kilovolt-ampcres    at    the    supply    end    at    no    load 
would  l>e 

=     '     E^v'iH'+K-) I37t 

1 ,000      ^  ^    « 

The  kilowatt>  at  the  receiver  end  at  full  load  would  be 

=    J_   (FH  +C.  Ki 13**' 

1,000 

The  proof  of  t'lis  is  similar  to  that  in  the  case  of  con- 
ditions given  at  ilie  receiver  end.  which  i>  covered  in  the 
earlier  part  of  this  paper. 

Kilowatts  at  the  supply  end  at  no  load  would  be 


I 
1,000  ■ 


E.  X  H. 


(39) 


The  power  factor  in  per  cent  at  receiver  end  at  full  load 
(FH+<;K) 


V(^•+G•)^/^H•+K•) 


100  'V, 


(401 


The  power  factoi   in  per  cent  at  the  supply  end  at   no 

load 

il 


v/(h:  +  k:) 


too  '; 


(41) 


The  inpha>c  current  in  total  amperes  at   the  receiver 

end  at  full  lo;id 

_(I-H  4- (IK) 

~  v/(l-'  4-<V") 


(^^l 


The  inphaM:  current   in  total    amperes   at    the   supply 
end  at  no  load 

=  II  (43) 


_  t;  M  -  K  K 

-V(F=-|-G')     •     •     •     • 

[Note. — This  can  be  proved,  as  near  the  beginning  of 
this  p.^per,  for  a  case  where  the  conditions  are  given  at  the 
receiver  end.] 

If  positive,  the  current  i>  lagging.  If  negatA-e,  tlie  current 
is  leading. 

The  reactive  current  in  total  amperes  at  the  supply  end 
.It  no  load 

=  K, 


The  kilow.itt  loss  in  line  at  full  load 

=  ^—  [E,  \\  —  { V  H  4-  O  Ki' 
1,000  "■ 

where  V,  is  the  current  in  pliase  with   E,. 
The  kilow.itt  loss  in  line  at  110  load 


I 

1,0  JO 


E.  Ho 


The  percentage  efTiciency  of  the  line  at  full  load 
V  H  +  «;  K 


E.  v. 


X  100% 


(45) 


146) 


(47) 


<l») 


Section-  3. 
Constant  Voltai;!-:  Transmissio.n. 

Tlie  foregoing  portion  has  dealt  with  varying  voltage 
lines,  i.e.  with  lines  -.vherc  willi  constant  supply  voltage  the 
volt.age  at  the  receiver  end  will  v.ary  with  the  load,  or  with 
lines  where,  in  order  to  maintain  constant  voltage  at  the 
receiver  end,  the  voltage  lias  to  be  varied  at  the  supply  end 
with  varying  load. 

On  such  lines  the  limiting  factor,  as  regards  the  load 
which  they  can  carry,  is  the  regulation,  and  in  actual 
practice  the  load  which  it  is  possible  to  carry  over  such 
hues  is  far  below  the  current-carrying  capacity  of  the 
conductors. 

If,  however,  a  su!Ticicnt  cap.icify  of  synchronous  con- 
densers (or  as  they  arc  often  called  "phase  moJifiers")  is 
connected  to  the  line,  not  only  can  the  voltage  at  both  ends 
of  the  line  be  m.iinlaincd  constant  over  llic  whole  range  of 
lo.id,  but  the  lo.iding  of  the  line  can  be  very  materially 
increased  for  a  given  voltage  d.fference  between  the  ends 
of  the  line. 

\Vc  will  now  show  why  this  is  so  and  prove  (he  funda- 
mental forinul.e,  from  which  what  is  known  a>  the  "circle 
di.igram  "  is  obtained. 

If  the  load  is  zero  then  I  =  o.     From  (3)  we  get 


,.K(, 


Y  /        V  A' 

■!  2  •  3  •  4 


The  right-hand  side  of  this  last  equation  gives  vector 
quantities  (call  them  E,  and  E.),  so  thai  the  equation  may 
be  written 

E„  =  E,  4-  /  E,' 


•  Th^ 
btil  w< 
thn  |~ 


"  artilally  (hr  umr  u  A.,  and  11 ,  inSntion  1, 
-linrt-riit  Iritrn  hm  to  ditltnirutih  (bcm  in 

Ijiit  vnllalCr. 
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An  examination  of  the  expression 
E 


\  2  2.3.4  / 

will  show  that  if  E  is  kept  constant,  tlie  expression  is  a 
constant  because  Y  and  Z  are  line  characteristics  and  are 
therefore  constant  for  a  given  line.  Consequeutlv  E;  and 
E,  are  constant  if  E  is  constant. 

Referring  to  the  second  portion  of  the  right-hand  side  of 
equation  (3),  namely 


The  equation  of  the  circle  shown  in  Fig.  4  is  obviously 

(.V  — a)=-|-0'  — 6)=  =  c= 

where  (<7,  b)  is  the  centre  and  (c )  the  radius.  Multiplying 
these  out  and  arranging  them  in  descending  powers  of  v 
and  \-  we  get 


IZ 


\         2.3 


YZ  Y'Z' 

3      2.3.4.5 


we  see  that  the  portion  multiplied  on  I,  namely 
YZ    ,       Y=Z= 


Z{i  + 


2-3-4-S 


•■) 


is  constant  and  gives  us  two  vector  quanti;ies  (call  them  R 
and  X,)  so  that 


''  +  14  + 

V  2.3       : 


Y=Z= 


:  + 


R. -f/X, 


E;  =  (E,  -t-  P  R.  -  Q  X.)=  -I-  (E,  +  P  X.  H-  Q  R,)= 


(49) 


If  constant  voltage  is  to  be  maintained  at  the  receiver 
end,  we  may  regard  ¥,,,  E,,  R„  X„  E,  as  constants. 
Therefore  the  only  variables  in  this  equation  are  P  (the  in- 
phase  portion  of  the  current  at  the  receiver  end  of  the 
line)  and  Q  (the  quadrature  portion  of  the  current  at  the 
receiver  end  of  the  line). 

Multiplying  out  equation  (49)  we  get  , 

PMR^-t-x-;)+o=(R;  +  x;) 

-t-  2  P  (E.  R,  -I-  E,  X.)  —  2  Q  ( E,  X,  —  E,  R.) 
+  e!  -f  El  —  E;  =  o 
or  dividing  across  by  R;  -|-  X;  we  get 
p=  4.  Q=  4_  2  P  E'  Ri  +  E,  X.  _  2  Q  E.X,  —  E,  R, 


R;  -I-  X; 


+ 


R;-l-X; 
E;  -f  E;  —  E: 


!-3-4-5 

Equation  (3)  may  therefore  be  written  as  follows 
E,  =  E,  -1-  1  E,  -H  I  (R,  4-  I'X,) 

An  e.xanii  nation  of  this  equation  shows  that  E„  the 
voltage  at  full  load,  may  bs  regarded  as  made  up  of  the 
voltage  required  at  no  load  plus  the  voltage  required  to 
drive  the  current  I  through  the  impedance  (R,  4-  1  X,). 

As  I  itself  is  made  up  of  two  vector  quantities  (call  them 
P  in  phase,  and  Q  in  quadrature)  I  may  be  written  in  the 
form  P  4-  !  Q-  Therefore  the  above  equation  can  be 
written 

E,  =  E,  4-  ;"  E,  4-  (P  4-  'Q)  (R.  4-  /  X,) 

or  muUiplving  out  we  get 

E,  =  (E.  -h  P  R,  -  Q  X.)  +  /  (E.  4-  P  X.  +  Q  R,) 

Ej  may  therefore  be  regarded  as  made  up  of  one 
quantity  (E,  -F  P  R,  —  Q  X,)  in  phase,  and  anotlicr  quantity 
(E2  4-  P  X,  4-  Q  R,)  in  quadrature,  which  is  only  another 
way  of  saying  that 


.1=  4-  \=  —  2  (I .V  —  2  6  y  4-  n=  4-  6'  —  c=  =  o 


(51) 


Referring  to  the  circle  represented  by  equation  (50),  let 
us  call  its  centre  (i7„  b,)  and  its  r.adius  (c,).  It  will  be  seen 
by  comparing  equations  (50)  and  (51)  that 


"1 ' 


6x=  + 


E.  R.4-E,X. 

R;h-x; 

E,  X,  —  E,  R, 


and 


a\  4-  /.;  -  ^;  =  4- 


Ri  4-  X; 

E;  4-  E:  -  e; 


R;4-xi 


substituting  in  this  last  the  above  values  for  a,  and  6,  we 
get 

E. 


c,= 


n/(R;  +  X;) 


The  values  given  above  for  a„  b„  and  c',  are  evidently  in 
terms  of  current.     As  will  be  seen  later  from  consideration 


Ri-4-x; 

which  is  the  standard  form  for  the  equation  of  a  circle. 


(50) 


of  the  circle  diagram,  it  is  more  convenient  that  this 
diagram  should  be  drawn  in  terms  of  kilowatts  and 
kilovolt-araperes.  If,  therefore,  wo  multiply  the  above 
values  of  a,,  6„  and  c,  by  the  voltage  at  the  receiver  end, 
namely  E,  and  divide  by  1,000,  we  get  values  for  the  centre 
and  radius  of  the  circle  which  will  be  in  terms  of  kw.  and 
k.v.a.  Call  the  centre  of  this  circle  {a_,  b,)  and  the  radius 
(c,).  It  will  now  be  evident  that  the  values  of  a,,  b^,  and  c, 
are  as  follows 

E,  R,  4-  E,  X, 


I  ,ooo 


6=4 X 

1,000 


R;4-X; 
E,  X,—  E,R, 


R;  +  X; 


and 


E, 


1, 000  ^  v'(R;4-x;; 


(52) 

(53) 

(54) 
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Section  4. 

CALCfL.\TIOXS  OK   CiRCLK    DiAGKAM    KOH    LiNK    I\ 

Section  i. 

\Vc  can  now  calculate  the  actual  values  of  a„  b;,  and  Cj 
by  finding  the  x-alues  of  K„  K„  and  K,,  X,.  E,  and  K^, 
fiom  the  manner  of  their  derivation,  are  evidently  the 
p.Mtions  of  the  supplv  voltage  at  no  load  which  are  in 
1  !;.iM.-  and  in  quadrature  respectively  with   K  the  receiver 


toxxwl 


Fig.  5.— Circle  diaj;ram  (or  hiKh-lension,  conMant-voitage, 
lhrce-pha!>e,  sopcriod  Iraiismission  line. 

voltajje.     These  have  been  previously  calculated  in   Sec- 
tion (2),  where  they  are  designated  as  A,  and  K- 

Therefore  K,  =  w/'64 

and  K,  =  2736 

K,  and  X.  from  the  manner  of  their  derivation  are  the 
two  vector  portions  which  make  up  the  expression 

Y'Z'  \ 

2.3'2-3-4-5     ■■/ 
Therefore  R,  =    30-565 

X,=  irioos 


x(.  +  y^  + 


Uut 


K  K.  K,  +  K,X, 

"•-    l.^Kw''      k;  +  x; 


From  which  we  Ret  ii,  =  —  28,058  kw 


K         K.X.— K,l<. 

X 


1.000        i<;  +  X 

from  which  we  Ret    *,=  -♦-  90,<>55  k.v..i. 

K  K, 


Again 


c.' 


i.«KX)  "  y/(H;  +  Xp 


f.s=  I2I,K«>4 


of  a„  1'^  and  c,  a  line  is  drawn  in  at  the  correct  angle  (in 
this  case  cos~'o-8)  to  represent  the  load.  The  ordi- 
nates  of  this  circle  and  line  arc  added  and  the  resulting 
ellipse  drawn  in.  For  a  given  kw.  load  the  ordinate  of 
the  ellipse  corresponding  to  that  load  will  give  the  k.v.a. 
required  from  the  synchronous  plant  to  maintain  the 
volt.igc  at  that  load. 

This  circle  diagram,  c.irefuUy  drawn,  will  give  very 
accurate  inform.ition  with  regard  to  the  capacity  of 
synchronous  plant  required,  but  this  can  he  calculated 
for  no  lo.id  ni    fm-  ;inv  lo.nl   as  se(   oul   bclovv. 

biLriox    5. 

Calculation    ok    Capacity    ok    "Synchronous    Con- 
densers"   REQUIRED    KOR    OPERATING    THE     LiNE    IK 

Section  2  at  CoNsrANT  Voltage,  together  with 
THE  Solution  ok  the  Line  Characteristics  when 
so  Operating. 

The  fundamental   equation  for   the   circle  as  given   in 
(50)  is 
p.  +  g.  +  ,  P  K-R.  +  E.X.  _        E.  X.  -  E.  R, 

e;  +  e;  -  e;  ^ 
■*■     r;  X  x; 

It  wc  desire  to  ascertain  the  amount  of  synchronous  plant 
to  hold  the  voltage  down  to  E  (i.e.  100,000)  at  no  load,  we 
would  evidently  get  it  by  making  P^o  in  the  above 
equation  and  solving  for  Q. 

Making  P  ^  o  we  get 


(55) 


(56) 


■    .    (57) 

II1C  circle  duRrani  c->n^ltiicted  horn  llie  alx>vc  data  is 
ikhnwn  III  Kir.  ^      Alter  (It.iwing  the  circle  from  the  values 


Q  -Q  X 


2  (E,  x,  -  K.  H.)     k;  +  Ej-E;  _ 
r;  +  x;      ■•"     r;  +  x; 


'   or  y  — ^'x  1,819-10— 578,950  =  0 

or  O  r^  ■■8")'o±>/[(i.8i9io)'  + 4(578.950)] 

2 

This  gives  two  values  ol  g  corresponding  to  the  plus 
and  minus  signs  of  the  radical.  The  two  values  are 
evidently  the  points  at  whicli  the  ordinate  through  the 
origin  cuts  the  circle  ll  will  be  evident  from  an  inspec- 
tion of  the  circle  dugram  lliat  we  require  the  value  of 
Q  corresponding  to  the  minus  sign  of  the  radical  which 
gives  us 

O  =  _  >76-29 

This  is  the  quadrature  current  required  from  the 
;  synchronous  plant  at  no  lo.ad,  and  is  lagging.  The  kilo- 
'   volt-amperes  will  therefore  be 

;  .       .,  100,000 

'  -*-  27629  X  =  —  27,029  k.v.a. 

We  therefore  liiiil  Ih.il,  in  order  to  hold  the  volLagc 
down  to  100,000  at  the  receiver  end  at  no  load,  the  syn- 
chronous plant  must  be  capable  of  giving  27,(129  k.v.a.  of 
lagging  qiMdralure  current. 

Synchronous  plant  of  this  capacity  can,  with  modilica- 
tion  of  the  field  exeilalion,  be  m.ule  to  give  a  similar 
cap.-icilv  of  leading  quadrature  current.  Wc  shall  there- 
fore now  inquire  wh.ij  load  can  be  carried  on  the  line  if 
27'i-29  amperes  ol  le.idiiig  quadrature  current  are  supplied 
to  the  line  from  the  synchronous  plant. 
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By  an  inspection  of  the  circle  diagram,  it  will  be  evident 
that  for  a  given  load  P  (in  amperes)  we  shall  have  to  supply 
such  an  amount  of  quadrature  current  to  the  line  as  will 
bring  the  point  corresponding  to  P  on  the  load  line  on  to 
tlie  circle,  because  we  shall  then  get  the  point  (P,  Q)  on 
the  circle. 

For  any  load  P  the  load  reactive  current  will  be  P  tan  9, 
where  9  is  the  angle  of  lag  of  the  load. 

For  a  given  load  P  it  will  be  evident  from  an  inspection 
of  the  circle  diagram  that,  in  order  to  get  from  the  load 
line  to  the  circle,  we  shall  have  to  add  to  the  load  reactive 
current  (with  due  regard  to  sign)  an  amount  of  reactive 
current  :=  (P  tan  9  +  O),  or  in  other  words  : 

For  any  load  P  the  amount  of  reactive  current  required 
from  the  synchronous  plant  is 

=  P  tan  9  +  Q (58) 

•  E 

or  in  k.v.a.  is  =  — ^  (Ptan  9  +  Q)       ....     (59) 

If  in  equation  (50)  we  substitute  the  value  P  for  any  load 
and  solve  for  Q,  we  shall  get  the  corresponding  value 
for  O  required  in  equation  (58),  and  inserting  the  value  Q 
so  obtained  in  (59)  we  shall  get  the  amount  of  reactive 
k.v.a.  required  from  the  synchronous  plant  at  any  load  P. 

We  now  return  to  the  solution  of  what  load  276'29 
reactive  amperes  supplied  leading  from  the  synchronous 
plant  will  enable  us  to  carry  if  added  to  the  line.  From 
equation  (58)  we  get 

276-29  =  P  tan  e  +  O 

Tan  9  in  this  case  =  075. 

Tlierefore  Q  =  276'29 — P  x  075      ....     (60) 

Substituting  this  value  in  equation  (50)  and  solving  for  P 
we  shall  get  the  load  which  the  addition  of  276'29  leading 
reactive  amperes  from  the  synchronous  plant  will  enable 
us  to  carrj'  on  the  line  and  maintain  constant  voltage. 

Substituting  in  (50)  the  above  value  for  Q  we  get 

P"  +  (276-29)='  — 2  X  0-7S  X  276-29  P  -I-  (0-75)=  P'  +  iP 

X  280-58  —  2(276-29  —  0-75  P)  X  909-55  —  5/8,95°  =  o 

or  I '5625  P'  -|-  1,511-05  P  —  1,005,210  =  o 

Therefore 

-1,511-05  ±  J  [(1,511-05)'  —  4X  i-5625X( — 1,005,210)] 


P  = 


2  X  1-5625 

Take  -\-  sign  evidently. 
Therefore  P  =  453'02 


Multiplying  this  by 


100,000  .  , 

I.e.  —  — ,  we  get  45, '502  kw. 


We  therefore  arrive  at  the  conclusion  that  the  use  of 
27,629  k.v.a.  of  synchronous  plant  required  to  hold  the 
voltage  down  to  100.000  at  no  load  will  enable  us  to  main- 
tain the  voltage  constant  up  to  a  load  of  45,302  kw. 

In  other  words,  the  addition  of  this  amount  of  syn- 
chronous plant  has  enabled  us  to  increase  the  loading  of 
the  line  by  81-21  per  cent  with  the  same  drop  in  voltage 
between  the  ends  of  the  line  that  enabled  us  to  carry 
25,000  kw.  when  the  line  was  operated  as  a  varying  voltage 
line.  Not  only  has  the  load  which  the  line  can  carry  with 
this   drop  been   increased    to    the    extent   indicated,  but 
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regulation  troubles  have  been  eliminated,  as  the  line  is 
operated  with  constant  voltage  at  both  ends  over  the  whole 
range  of  load  from  zero  to  45,302  kw.-" 

In  order  to  get  complete  information  regarding  the  line 
when  carrying  this  greatly  increased  load  of  45,302  kw.,  it 
is  necessary  to  complete  the  solution  of  the  line  and  ascer- 
tain its  efficiency,  power  factor  at  the  generators,  etc.  In 
order  to  get  this  information  we  require  to  calculate  the 
quantities  corresponding  to  A,  B,  C,  and  D  in  Section  2, 
where  we  vi-ere  calculating  similar  characteristics  for  the 
line  operating  without  synchronous  condensers  and  loaded 
to  25,000  kw.  Call  the  corresponding  quantities  A^,  B„  C,, 
and  D,..  A^  will  be  the  voltage  at  the  supply  end  which  is 
in  phase  with  E  ;  B^  will  be  the  voltage  at  the  supply  end 
in  quadrature  with  E  ;  C,  will  be  the  current  in  the  line  at 
the  supply  end  in  phase  with  E  ;  and  D„  will  be  the 
current  in  the  line  at  the  supply  end  in  quadrature  with  E. 

An  examination  of  equation  (49)  will  show  that 


and 


A,=  E,  +  PR.  —  QX, 
B,=  E,  +  PX. +  QR. 


In  these  equations  we  know  the  values  of  E„  E,,  R„  X,, 
and  P,  but  we  have  to  calculate  the  value  of  Q  correspond- 
ing to  P  =  453-02. 

We  know  from  equation  (60)  that  O  =  276-29  —  0-75  P 
when  the  load  =45,302  kw.,  i.e.  when  P  =  453-02. 

Therefore  Q  =  276-29  —  0-75  x  453-02 

=  —  63-475 

Therefore  • 

A,  =  99,664  4-  453'02  X  30-565  4-  63-475  X  100056 
Therefore 

A£=  119,862 

B,  =  273-60  +  453-02  X  100-056-63-475  X  30-565 
=  43,660 

We  have  now  to  calculate  CV  and  Dc,  the  in-phase  and 
quadrature  portions  of  the  current  at  the  supply  end  of 
the  line.  Call  this  current  I„.  The  current  at  the  receiver 
end  can  be  written  in  the  form  P  -|-  /  Q. 

Equation  (4)  therefore  gives  us 


I.  =  (P  +  'Q)(i  +  ^  +  _;^^ 


4-EY 


'('  +  2:3  +  ^:i:t:i---) 


C,  D, 

•••  I«  =  4.5478  -  '  54'3'' 
=  458-02 

The  use  of  the  formulaj  proved  in  Section  2,  using  the 
above  calculated  values  of  A^,  B.,  C^,  and  D,-,  gives  us  the 
following  results  : — 

Kilowatts  at  the  generators  will  be 

^     (A,C,4-B,D,) 

(119,862  X  43478  -43,660  X  54-368)  =  52,137  kw. 


1,000 
I 


1,000 

*  The  amount  of  reactive  current  in  the  line  at  the  receiver  end  for  any  load 
P  can  be  got  by  substituting  this  value  of  P  in  equation  (50)  and  solving  for  Q. 
Where  we  found  the  amount  of  synchronous  plant  required  at  no  load,  wc 
were  only  taking  a  particular  instance  of  this  where  P  =  o, 
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Kilovolt-amptcrcs  at  the  generators 

=  V(Af  +  B,')^(C.'+D;)  ,^J^ 
or  it  may  be  written 

1,000 

_  127.574  X  4>8o; 

1,000 
=  58,431  k.v.a. 

Power  factor  at  gener.itors  in  per  cent 

A.  C.  +  B,  n.  ^         „   , 


(sec  below) 


The  reactive  k.v.a.  at  the  generators  as  before 
I 


1,000 


(B,  C.  -  A.  I). ) 


"=  iTooo^'^'-*^  ^  45479)  +  {it9.^>2  x  54jf'8]==2f'.373t 

As  this  has  a  positive  sign   the  reactive  current,  kilovolt- 
ainpcres,  and  power  factor  arc  lagging. 

The  egicicncy  of  the  line  alone  (excluding  synchronous 
plant) 

If  we  wish  to  get  the  transmission  eflicicncy,  including 
the  synchronous  condensers,  we  have  to  deduct  from  the 
line  output  the  kilowatts  required  to  drive  the  synchronous 
plant.  Take  this  as  4  per  cent  of  the  capacity  of  the  plant 
and  we  get 

Kfticiency  including  synchronous  plant 


4S,302  —  -4-  27,620 
100 


X  100  =  8477  % 


52.'37 

We  have  seen  above  that  ^^,  the  line  reactive  current  at 
the  receiver  end  =  -  6v47  and  is  therefore  lagging. 

Line  power  factor  at  receiver  end 


V(i-  +  yj 


X  100 


45302 


V[(453-oJ)'  +  t'»3-47)"J 


An  cxamin.ttion  of  the  circle  diagram  in  Fig.  5  will  make 
it  clear  th.it  the  minimum  amount  of  svnchronous  plant 
(for  a  given  maximum  loading)  will  be  required  when  the 
conditions  are  .^uch  th.it  the  amount  of  synchronous  plant 
required  at  no  load  is  equal  to  the  amount  of  synchronous 
plant  required  at  the  maximum  loading.  Therefore,  in  this 
case,  wc  start  with  the  assumption  that  the  amount  of 
synchronou^  plant  required  at  no  lo.id  should  be  the  same 
as  the  amount  of  synchronous  plant  required  at  25,000  kw. 

At  no  load  P  =  o,  and  y  is  an  unknown  value  which  wc 
have  to  determine,  and  it  will  be  negative  in  value  ;  there- 
fore put  {}  ^  —  Qc  (J„  being  the  amount  of  reactive 
amperes  required  from  the  synchronous  plant  at  no  load. 

Substituting  these  v.ilues  for  P  and  Q  in  equation  (49) 
wc  get 

K;  =  (K,  +  o  X,)'+(E, -QoR.i'  .     .     (6i) 

At  25,000  kw.  P  =  250  and  y  will  have  a  va!ue,  say,  Q,y 
From  equation  (58)  wc  see  that  the  amnun"  of  reactive 
current  required  from  the  synchronous  plant  at  anv  load 
P  ^  P  Ian  fl  +  (J.      Therefore  at  ^5,000  kw.  the    .imount 
required 

=  Q,5  +  P  Ian  « 
=  ^.s  +  250  X  075 
=  Q., +  1^7-5 

Now  this  amount  of  reactive  amperes  must  be  equal  to 
that  required  at  no  load. 

Therefore  Q„  =  Q,;  + 1 87-5 

Now  at  25,000  kw.  we  have  P  :=  250  and  Q  ^  Q.^ 
^Qo—  •''7'5-  Substituting  these  values  in  equation  (49) 
we  get 


-i.i  =  W°3%  'agging 


KWMISATION"     OK     LiXK     CAKHVIXi;     25,003     KW.     AS    THK 

.M\xiMru  Load  with  Coxstast  Voi.taok. 

The  I'  iminalion  of  the  line  in  Section  2  when 

loaded  t'  ,  .  .w.  and  opcraled  as  a  constant  voltage 
line,  ditclows  the  fact  that  the  efl'iciency  is  reduced  as 
,,.,„r. ,,, ,)  vk'jih  that  of  the  same  line  when  carrying 
V.  at  a  varying  voltage  line.  Wc  will  therefore 
HIV'  '  '    'iw  that  would  obtain  if  the  niaxi- 

mu:  lilt  voll.tge  line  is  25,cxx>  kw.,  and 

I  l>elwccn  the  ends  of  the 
<>■  amount  of  synchronous 
con  >  lor  this  maximum  lo.id. 

F.:  — (K.  +  PR,  -  yx.r  +  (F.,  +  PX.  +  y  R.) 


E;  =  (E,  +  250 R,  -  Qo X.  +  1875 X.)' 

+  iE, +0   R.  -  I87-5R. +  25oX,>' 


(62) 


As  the  voltage  K,  is  kept  constant,  the  right-hand  side  of 
equation  (61)  must  be  equal  to  the  right-hand  side  of 
equation  (')2)  as  both  are  equal  to  K;. 

Therefore    (K,  +  y„ X.)'  +  (E,  -  Q, R.)" 

=  (K.  +  250  R.  -  g,  X,  +  187  5  x.y 

+  (E,  -f  y.  R.  -  187  5  R,  +  250  X.)' 

Multiplying  this  out  and  collecting  the  terms  containing 
y   we  get 

Qo  (4  X  90V55  +  375* 

=  500  X  28058  -t-  575  X  90tJ55  +  '>2.5oo  -I-  35,i5'>'25 

Therefore  y.  =  144  28 

Therefore  the  reactive  current  required  from  the 
svnchroncMs  plant   .it   no  load 

=  —  14428 
and  at  25,000  kw.  =  -f  14V28 

Therefore  the  amount  of  synchronous  plant  required  is 
1  1,428  k.v.a.,  which  will  be  able  to  give  the  above  amount 
(if  l.igging  reactive  current  at  no  load  and  the  above 
amount  of  reactive  current  Ic.nling  at  25,000  kw. 

The  voltage  at  llie  supplv  end  of  the  line  will  be  got 
nio-l  easily  (lom  equation  ((i||  by  substiluling  the  value 
fiiiiDil  alx>ve  for  y,.     Kqu.ilion  (61)  is 

K;»(K, +  y.X.)>  +  (F.-y„R.)' 
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Therefore 

E;  =  (99,664  +  14128  X  100-05)=+ (273-60— 144-28  X  30-561= 
=  13.035.800,000 


Therefore 


=  114,175 


We  therefore  arrive  at  the  conclusion  that,  if  the  hne  is 
required  to  carry  25,000  kw.  as  the  maximum  load  at 
constant  voltage,  the  voltage  at  the  supply  end  of  the  line 
will  be  114,175  for  100,000  at  the  receiver  end  and  the 
capacity  of  synchronous  condensers  required  will  be 
14.428  k.v.a. 

To  complete  tlie  solution  of  the  line  at  25,000  kw. 
constant  voltage  we  have  again  to  find  the  quantities 
A„  B,,  Q,  and  D,. 

Af  and  B,-  are  respectively  the  portions  of  the  voltage  at 
the  supply  end  which  arc  in  phase  and  in  quadrature  with 
E,  the  voltage  at  the  receiver  end. 

As  before  it  will  be  seen  from  equation  (49)  that 

A,=  E, +  PR, -QX. 
B^=E,  +  PX,  +  QR, 

P^250,  and  O  can  be  got  as  follows  :  — 

The  reactive  current  required  from  the  synchronous 
plant  at  any  load  is  O  +  P  tin  9. 

We  know  that  in  this  case  the  reactive  current  at  25,000 
kw.  required  from  the  synchronous  plant  is  14428. 

Therefore       14128  =Q  4-  P  t.m  e=  O  +  250  x  0-75 

=  y  + 18775 


Therefore 


Q  =  — 43"^2 


Substituting  the  values  for  E,,  E.,  P,  Q,  R,  and  X,  in  the 
above  equations  for  A^  and  B^  we  get 

A^  =  99,654  +  250  X  30-56  +  43-22  X  100-05  =  111,628 
15.  =  273''J  +  250  X  100-05  -  43'22  X  30-56  =z  23,965 

.A.S  before 

I,,  =  (P+,0)  (i+  — +/^''^'  "* 


2-3-4 
+  Ey(i+^^4- 


Y'Z= 


and 


/YZ 


P  +  '  Q  -=  250 
Y=  Z-- 


2.3-4 

■■- 1..  =  25239 
C 


)=-. 


2-3      2.3.4.5 

43-22 

0033554  +  /  0-002736 


'34  73  =  254' 76 
D 


Kilowatts  at  the  generators  will  be 

( A^  C_  4-  B^  D,) 
_(iii,6;o  X  252-39  -  23  965  X  34-73) 


I 

1,000 
_      I 
~"  1,000 ' 

:=  27,341   kw. 


Kilovolt-amperes  at  the  gencra'ors 


,,000  ^'^'  +^'^  ^^^-  +  °-  '  =  i^coo  ^  "■'•''5  X  25476 


Power  factor  at  the  generators 

AcQ  +  B,  D,  ^  ,       . 

~  E   ^(C'+jy    ^°° ~  93  99  per  cent  lagging 

^      ^   '         '  (see  below) 

Reactive  kilovolt-aniperes  at  the  generators 


=  (B.C. 

1,000 


A,  a) 


=  i;oo5  ^-^'9^5  X  252-39  4-  111,628  X  34-73) 
=  9,925  k.v.a. 

As  this  is  positive,  the  reactive  current  at  the  supplv  end 
of  the  line  and  the  power  f;ictor  are  lagging. 


}j:O,000 


80,000' 


Fig.  6. — Circle  di.igram  lor  high-tension,  constant-voltage, 
three-phase,  50-period  transmission  line. 


The  efficiency  of  the  line  alone  (excluding  synclironous 
plant) 


EP 


A.  C.  4-  B,  D, 


100  =  91-44  % 


Efficiency,  including  synchronous  plant  :  The  output  in 
this  case  will  be  25,000  less  the  power  taken  by  the  syn- 
chronous plant,  which  we  take  as  4  per  cent. 

The  efficiency  including  synchronous  plant 


25,000 i-  X  14,428 

-"  100       ^^ 

27.341 


100  =  89-33  % 


The    line    power    factor    at    the    receiver    end   where 
Q  =  -43'22 


2.50 


=  29,087  k.v.a. 


-y-.P'  t  y-j 


v^  [(250/  4-  (43-22)=J 


-100  =  9854% 
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We  >liall  al>o  ascertain  with  tlie  drop  from  114,17510 
100,000  what  load  the  hnc  will  carry  without  the  >yii- 
chronous  plant. 

The  synchronous  plant  has  to  give,  at  any  load,  an 
amount  of  reactive  current  =  ^  +  P  tan  9.  When  this 
amount  is  rero  wc  get  Q  +  H  tan  9  =  o. 


Therefore 


Q  =  -  P  tan  9  =  —  075  P 


Therefore  we  shall  get  the  load  the  line  will  carry  with- 
out the  synchronous  plant  by  making  Q  =  —  P  x  075,  and 
E  ^  1 14.175  in  the  equation 

^   E;  +  E;  -  E, 

or  1-5625  !»=  +  1,925-48  P-  283,251  =  o 

_  -  1,925^8  ±y[(i.925-48)'+4_(j:5625H^83j25iyj 


P  = 


2  X  1-5625 


Take  the  +  sign,  therefore  P  =  132-79,  or,  converting  to 
kw.,  we  arrive  at  the  conclusion  that  without  synchronous 


examined  on  its  merits,  but  where  good  rcgi:lalion  is 
neccssarv,  and  where  the  cost  of  producing  current  is  very 
low,  the  use  of  synchronous  apparatus  along  the  lines 
indicated  would  undoubtedly  be  advantageous. 

The  matter  is  being  considered  in  these  notes  from  a 
purely  engineering  point  of  view,  and  no  attempt  has  been 
m.tdc  to  lay  down  conditions  where  synchronous  con- 
densers to  maintain  constant  voltage  should  be  u>cd.  As 
before  stated,  particular  cases  w-ould  have  to  be  analysed 
in  the  light  of  the  conditions  which  olit.iincd  as  regards  the 
capital  cost,  generating  cost,  and  regulation  conditions,  etc. 

The  following  conditions  might,  however,  arise  in  the 
case  of  the  line  considered  in  Section  2.  In  the  first 
instance,  it  would  be  necessary  on  this  line  to  have  two 
separate  circuits  to  gu.ird  ag.iinst  insulator  or  other  failures 
of  one  of  the  circuits,  and  presumably  these  circuits  would 
be  put  doA'n  as  duplicates,  so  that  their  combined  c^ipacity 
would  be  twice  25,000  kw.  as  varying  voltage  lines. 

When  the  lo.id  grew  to  25,00^  kw..  and  assuming  that 
regulation  considerations  limited  tlie  loading  of  one  line  to 
25,000  kw.  as  a  varying  voltage  line,  it  would  then  be  neces- 
sary to-  put  down  a  third  circuit,  because  with  the  load  over 
25,ooD  kw.  and  one  line  out  of  service  for  any  reason,  the 


Summary  of  Abmx  lifsuUs  for  Line  in  Section  2. 


Ai  *  Varying  Voltage  Line 


No  Load 


Loaded  to 
3$, 000  kw. 


.\s  ConstAnt 

Volume  Line 

loadril  to 

25,000  Itw. 


Ai  Constant 

Volta^  LiuCj 

loadcU  to 

4S.J01  Itw. 


Voltage  at  receiver  end 

Voltage  at  supply  end  f-ir  100,000  at  receiver  end 

Voltage  at  receiver  end  for  full-load  voltage  at  supply  end 

Kegulation  at  supply  end  for  constant  receiver  volts 

Kegulation  at  receiver  end  for  constant  supply  volts 

Current  at  supply  end  in  total  amperes 

Current  per  wire  at  supply  cnd= total  amps.-^  -y/.l 

k.v.a.  at  supply  end  . . 

lo*-.  at  supply  end       . .  

Power  factor  at  the  supply  end 

1  jnc  power  factor  at  receiver  end  .  . 

Ijr'  •  " "'-y  including  transformers 

St)  •ncy  including  losses  in  synchronous  plant 

Aniouiil  "I  •-'       '  is  plant  at  no  load     .  . 

Amount  of  ■  us  plant  at  rcsi)ecti\c  full  loails 

\joad  earned  on  line 


99.6<>5 
128,003 


8- 26 

4-77 
8i3 

37 -y".. 

leading 


100,000 

I27.574 
100,000 
21-88  °o 
28-003  °i, 

309-47 

178-7 

39.480 
^8.375 
7fS7% 
lagging 

80% 
lagging 
S8-1  ° 


25,000  kw. 


100,000 

114. 175 
100,000 


254-76 

'47*' 
29.087 

27.34" 

93-99  % 

lagging 

98-54  "o 
lagging 

y«-44  % 
89-33  °o 

14.428  k.v.a. 

14.428  k.v.a. 

25,000  kw. 


100,000 

>  27.574 
100,000 


458-02 
■:64-5 
58.431 
52.137 
89 -23% 
lapsing 

W-03  % 

lagRing 

86-89% 

84-77% 
27,629  k.v.a, 
27,629  k.v.a. 
45.302  kw. 


pLiliI  llic  lilH  Will  Itaiisiiiit  13,279  kw.,  wlicii  llie  voltage 
drop  i»  from  114,17510  100,000. 

1  iin  for  the  line  operating  with  this  drop 

ii  ' 

■|  .IIS  plant  required  to  iiiaint.iiii 

con  '(  ,    "■  very  considerable,  and  the 

capital  1  '  lhi«,  combined  with  the  annual  cost  of 

current   • 1    in   operating   the   synclironoun   plant, 

miKhl  \te  considered  a«  making  the  use  of  vyiichronous 
condcnicr«  to  the  extent  indicated  a  non-comracrctal 
proposition.     Cndoiiblcdly  e.ii.h  ca«c   would    have   to   be 


^riciini  liin:  ciiiil'l  mil  cai i  v  (he  whole  load,  li,  iiowcver, 
14.(28  k.v.a.  of  synchronous  plant  wa^  prin-ided  for  each 
line,  50,000  kw.  could  be  cirricd  at  constant  volt.tge  on  the 
two  circuits  with  a  voltage  at  the  generator  end  of  the 
lines  of  114,175  volts.  Assuming  one  of  these  circuits 
broke  down,  then  synchronous  plant  equal  in  cap.icity  to 
27,629  k.v.a.  could  be  connected  to  the  remaining  circuit, 
and  the  voltage  at  the  gcneiating  station  laised  to  127,574 
volts,  when  a  lo.id  of  45,302  kw.  could  be  transmitted  over 
the  one  good  circuit.  My  raising  the  voltage  a  little  higher 
at  the  generating  station,  and  coupling  the  full  amount  of 
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twice  14,428  k.v  a.  of  plant  on  to  the  good  circuit,  the  full 
50,000  k\v.  could  be  transmitted  over  this  circuit.  The 
efficicncv  of  operation  during  this  heavy  loading  of  the 
one  line  would  be  reduced,  but  the  engineering  fact  stands 
out  that  the  provision  of  two  25,000  kw.  circuits  with  syn- 
chronous plant  for  operation  as  constant  voltage  lines, 
would  provide  the  same  spare  for  emergency  conditions  as 
the  addition  of  a  third  line  under  varying  voltage  condi- 
tions, and  would  have  the  additional  advantage  of  providing 
constant  voltage  operation,  thus  eliminating  regulation 
troubles.  Further,  the  cost  of  providing  the  synchronous 
plant  would  be  ver}'  much  less  than  that  of  building  an 
additional  tower  line,  assuming  the  line  to  be  of  not  less 
length  or  lower  voltage  than  the  one  in  Section  2. 

The  additional  capital  expenditure  for  a  third  line  could 
be  postponed  until  tlie  load  reached  the  neighbourhood  of 
50,000  kw.,  instead  of  having  to  undertake  this  additional 
cost  as  soon  as  the  load  exceeded  25,000  kw. 

In  order  to  make  comparison  easier  between  a  line 
operated  first  as  a  25,000  kw.  varying  voltage  line,  second 
as  a  25,000  kw.  constant-voltage  line,  and  third  as  a 
45,302  kw.  constant-voltage  line,  the  various  characteristics 
of  these  three  conditions  of  loading  for  the  line  are 
given  in  the  table  on  page  104. 

Constant  Voltage  Transmission". 

CONDITIONS   specified  AT    THE    SUPPLY    END    OF   THE    LINE. 

The  above  discussion  of  constant-voltage  transmission 
refers  to  a  case  where  the  conditions  are  specified  at  the 
receiver  end.  Some  variations  in  the  formulae  used  are 
necessary  when  the  conditions  are  specified  at  the  supplj- 
end.     These  are  considered  below. 

Equation  (26)  is 


-  =  E,^i+—  + 


•3-4 


■i.z(i  +  '-^:  + 


Y=  Z 


2.3     2.3.4.5       ; 

The  first  term  on  the  right-hand  side  could  be  written  in 
the  form  E  ,  -1-  /■  E,.,. 

If  may  be  written  P^  -|-  ;  Q, 

andz(i  -t-  ^4- 


2-3 


Y'  Z°  \ 

.  .  .)  may  be  written  R,  -f/X, 

2  •  3  •  4  ■  5  ' 

Therefore  we  can  write  equation  (26)  as  follows  :  — 
E  =  ^E,.  -I-  /  E,,)  -  (P.,  4-  /  Q,)  ( R,  4-  f  X,) 
Multiplying  out  the  above  and  collecting  the  terms  con- 
taining i  we  get 

E  =  (E,,  -  P.  R,  4-  y.  X,)  4-  /  ( E,  -  P, X.  -  Q,  R.) 
which  means  that  E  is  made  up  of  two  vector  portions 

E.,  —  P  R,  4-  O,  X,  in  phase  with  E, 
and  E.J  —  P.  X,  —  Q,  R,  in  quadrature  with  E, 

Therefore 

E=  =  (E,,  -  P,  R,  4-  Q,  X,)=  4-  (E,,  -  P,  X,  -  Q.  K,)=  (63) 
Multiplying  out  and  arranging  in  descending  powers  of  P 
and  Q  we  get 


E>,  R,  4-E.,X,  _  ,f.    E„X. 
P;  4-  Q.  -  2  P, ^..  .  .V:    -  4-  2  Q 


■E„R, 


R;  4-  X; 
E;,  4-  E;,  - 


R;4-X; 


R;4-X; 


(64) 


This  is  the  equation  for  the  circle  diagram  where  the 
conditions  are  specified  at  the  supply  end.  From  an 
earlier  section  of  this  paper  it  will  be  evident  that  the  data 
for  the  circle  diagram  in  this  case  will  be 


E, 
1,000 


E„  R,  4-  E„  X, 

Ri  4-  x; 

E.,  X,  —  E„ 


1,000 


R;4-X; 


and 


1,000  •   ^(R;  +  X;) 


The  reactive  kilovolt-amperes  in  the  line  at  tlie  supply 
end  can  be  either  read  from  the  circle  diagram  or  calcu- 
lated from  equation  {64)  b}'  inserting  the  value  of  P,  for  any 
specified  load  on  the  generators,  and  solving  for  Q,  using 
only  the  plus  value  of  the  radical. 

If  Q,  so  found  is  positive  the  load  on  the  generators  is 
leading,  and  if  negative  the  load  on  the  generators  is 
lagging. 

The  kilovolt-amperes  at  the  generators  are  evidentl}' 


=  E 


1,000 


The  power  factor  at  the  generators  is  evidently 

= 7^ r  100  % 

v/(p;  +  Q;) 

Kilowatts  at  the  receiver  end.  We  have  seen  above  that 
E  is  made  up  of  (E„  -  P,  R,  4-  Q,  X,)  in  phase  with  E,  and 
(E,,  —  PfX, -OeR.)  in  quadrature  with  E,.  Call  these 
respectively  F,  and  G,.     From  equalion  (27) 

Y=Z= 


\      2^2.3.4     J 


E,y(i  +  ^4- 


Y'Z' 


■•) 


-    j       ^  •  3  ■  4  •  5 

I  from   this  equation  is  made  up  of  two  vector  portions 
Call  them  H,,  and  K,. 
Then  the  kilowatts  at  the  receiver  end  will  be 

=  ^(F,H,  4-G,K,) 


The  line  losses  will  be  the  kw.  input  less  the  kw.  output 


=  -^(E,P,-EH, 
1 ,000 


■  G.  K.) 


The  kilovolt-amperes  at  the  receiver  end  will  be 


F,  H.  4-  G,  K, 


Ev/(HJ4-K:l 
1,000 

Line  power  factor  at  receiverend  =  ,        , 

The  reactive  kilovolt-amperes  in  the  line  at  the  receiver 
end  will  be  as  before 


— -  (G,  H. 
1,000 


■  F.  K.) 


If  positive,  this  represents  lagging  energy. 
If  negative,  this  represents  leading  energy. 
Efficiency  of  transmission  line 

_  kw.  output  j^  _  F.  H.  4-  G,  K. 
kw.  input  Ef  P, 


100  % 
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The  reactive  kilovolt-ampcrcs  of  synchronous  condensers 
required  is  Rot  as  follows  :  — 

The  rcibtive  k.v.a.  of  load  =  (Vw.  load  x  tan  ei 

where  9  =  angle  of  lag  of  load.  Add  to  this  the  reactive 
k-v.a.  in  the  line  at  the  receiver  end,  witli  due  nolc  of  the 
sign  of  the  quantity  ;  the  result  will  give  the  k.v  a.  of  tlic 
synchronous  plant  required. 

ADDKNDI'M. 

For  given  vol!.iges  at  the  two  ends  of  the  line  tlie 
IhecretiLal  maximum  load  which  the  line  can  carry  witli 
constant  voltage  transmission,  could  be  calculated  as 
follows. 

If  wc  assume  the  centre  of  the  circle  .it  a  point  (•>,  b,)  and 


Voltage  at  rcci-iver  end  of  line 

Power  factor  of  load  ...         

Size  of  each  conductor 
Effective  spacing  of  conductors 
Reactance  ol  transformers,  coils,  etc., 

at  each  end  of  line  ... 
Resistance  of  transformers,  coils,  etc., 

at  each  end  of  line  ... 
Length  of  line  ...         

„  ,  ,  ,      .  .       18.000  X  1,000 

Total  load  current  =  —  „    =  173 

i^o.ox)  X  o'8  '^ 

Therefore,  current  in  phase  with  receiver  \ollagc 
=  I7.'?  X  o-8=  138  4 

and  current  in  quadrature  with  receiver  voltage 
=  173  X  06=  103-8 


1 30,000 

80  per  cent 

^50  000  c.r.  mils. 

16  ft. 

s:iy,  0  per  cent 

say,  I  pir  cent 
■;So  milts 


Summary  of  Results  obtained  for  iSo-inile  130,000-1/0//  Litu. 


Loaded  to  iS,ooo  Inr.  as  Vurmg 
Vol  U(R  Line 


\'<)ltage  at  receiver  end  for  constant  supply  voltage 
Regulation  at  receiver  end  for  constant  supply  voltage 

percentage  of  E 
Voltage  at  supply  end  for  130,000  at  receiver  end 
Regulation  at  supply  end  for  constant  receiver  volts 
k.v.a.  at  supply  end    . . 
kw.  at  supply  end 
Power  factor  at  supply  end 


Power  factor  at  receiver  end 

EflSciency  of  hne 
Efficiency  of  transmission 
Sj-nchronous  plant  required  at  no  lo.-.tl 
SjTichronous  plant  required  at  full  load 


No  Load 


166,968 


iio,245 

10,771 
422 

3-9% 
leading 


FullI.oad 


130,000 

^8-4% 
154.430 
"•14% 

20.338 

20,056 
986% 

lagging 
80% 

lagging 
«9-7% 


Loaded  to 
18.000  kw.  as 

Constant 
Voltage  Line 


130,000 


138,212 

20,682 

"9.765 

95-56% 

leading 

98-98% 

lagging 

91-07  % 

88-85% 

10,941  k.v.a. 

10,941  k.v.a. 


Loadr-I  to 
31.504  kw.  u 

Cofi..t«iil 
Voltagv  Line 


130,000 


"54439 

37.666 

37.577 

99-76% 

lagging 

99-3  % 
lagging 

88-73% 
84-52% 

20,821  k.v.a. 

20,821  k.v.a. 


the  radius  of   the  circle  (1,1  then  the  general  equation  for 
the  circle  could  be  written  thus 

P'  +  Q'  -2a,P-  2b.Q  +  a]  +  b]-  c;=o,  hence 

when  r  is  the  maximum  O  =  b-,  and  I*  =  r,  +  a,. 

It  will  be  seen  by  an  c\.imination  of  the  circle  diagr.ims 
contained  in  this  paper  that  a,  has  a  negative  value  in  the 
cases  considered,  and  that  P=  r,  +  .1,  corresponds  to  the 
farthest  point  toward  the  right  of  the  circle,  or  the  ellipse. 

Thi»  pouibic  maximum  load  is  of  litllc  interest  except 
from  a  theoretical  point  of  view  because,  except  in  the  case 
of  line*   uith   veiy   large  c  the  amount  of  syn- 

chronf.ii«   plant    required    li.  very   rapidly   as    the 

ni'  reached,  and  the  einciency  of  transmission 

bc'  •  y  poor. 

Skction  6. 

SOLL-TIOX   Of   3HO-MILK    IjCOOO-Voi.T   LiNF. 
Tlic  coiidilion>  a«\uinc<l  arc  as  follows  : — 

lH,0(>o  kw. 
3-phase,  25  periods 


turner  to  Ik 
Phase  and  ft 


Tot.il  resistance  of  one  line,  including  transformers,  etc., 

=  61-75  +  '5  =  76  75  ol""* 
Total  reactance  of  one  line,  including  transformers,  etc., 

—  1273  +  90=217-3 
Therefore  /  =  76-75  +  1  217-3 

Admittance  due  to  line  proper 

^  o  +  I  0-0008398 
Admittance  due  to  transformers,  etc., 

=  o-o<xx)i  33  —  /  0000133 
Therefore  total  admittance 

Y  =  0-0000133  +  1 0-0007068 

l-'igs.  7  and  ."»  show  the  circle  di.igrams  for  the  two  con- 
ditions of  conslant  voll.ige  loading  referred  to  in  the  above 
schedule. 

Although  not  directly  connected  with  the  actual  calcu- 
ladiins  of  the  two  lines  considered  in  these  notes,  the 
fulJDwing  comments  may  bc  of  some  interest. 

it  will  bc  noted  that  the  charging  kilovxli-amperes  for 
the  i;o-milc  line  is  relatively  small,  being  823  k.v..i.  This 
is  due  to  the  fait  thjt  the  line  c^ipacity  cui lent  which  is 
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leading  is  balanced  to  a  great  extent  by  tlie  magnetizing 
current  of  the  transformers  which  is  lagging,  and  by  the 
Lagging  reactive  k.v.a.  set  up  in  the  line  itself,  due  to  the 
current  which  furnishes  the  magnetizing  energy  and  no 
load  losses  to  the  transformers  flowing  through  the  line 
reactance. 

In  the  case  of  the  380-niile  line,  the  capacity  is  high, 
and  even  after  deducting  the  magnetizing  current  for  the 
transformers,  etc.,  there  still  remains  a  balance,  which 
requires  10,771  k.v.a.  of  generating  plant  to  be  connected 
to  the  line  at  no  load,  in  order  to  charge  the  line  and 
maintain  130.000  volts  at  no  load. 

It  will  be  noted  that  on  the  go-mile  line  loaded  to  25,000 
kw.  as  a  varying  voltage  line  the  power  factor  at  the 
generators   is   7187   per    cent    Lagging,    for    80   per  cent 


-2rfc5i3- 


70,000 
60,300 
53,000 


Len^th-sSo  miles 
Voltage  drop  in  line  :— 

15*439  to  130,000 
Conductors  350,000  cir.  mils. 
Effective  spacing,  ipfeet 


■to,ooot 


Fig.  7. — Circle  dia.^ram  lor  high-tension,  constant-voltage, 
three-pha^e,  25-period  transmission  line. 

power-factor  load  at  the  receiver  end.  In  this  case  the 
capacity  current  of  the  line  is  not  sufficient  to  balance  the 
reactive  kilovolt-amperes  of  the  line  when  carrying  thefuU- 
load  current,  so  that  the  power  factor  is  worse  at  the 
generators  than  at  the  receiver  end  of  the  line,  though 
better  than  it  would  have  been  had  capacity  not  existed. 
In  the  case  of  the  38o-mile  line,  however,  operated  as  a 
varying  voltage  line  and  leaded  to  18,000  kw.  it  will  be 
seen  that  the  power  factor  at  the  generators  is  98-6  per 
cent  lagging  as  against  the  80  per  cent  lagging  of  the 
load  at  the  receiver  end.  In  this  case  the  line  capacity  is 
so  great  that  it  practically  balances  the  reactive  kilovolt- 
amperes  of  the  load  and  the  line,  and  therefore  very 
materially  improves  the  power  factor  for  the  generators. 
It  will  therefore  be  seen  that  although  the  line  capacity 
may  be  regarded  as  a  drawback  under  no-load  condi- 
tions, it  has  distinct  advantages  at  full  load,  in  that  it 
creates  better  load  conditions  for  the  generators  and  for 


a  given  load  reduces  the  generator  k.v.a.  capacity  below 
what  would  be  required  if  the  line  had  no  capacity. 
For  example,  in  the  case  of  the  380-mile  line  delivering 
18,000  kw.  at  0-8  power  factor  (i.e.  delivering  a  load  of 
22,500  k.v.a.)  the  generator  k.v.a.  necessary  is  20,388  onl\% 
being  actually  less  than  that  of  the  load. 

In  the  case  of  the  go-mile  line  delivering  25,000  kw.  o'8 
power  factor  (or  31,250  k.v.a.)  the  generator  k.v.a.  required 
is  39,480.  This  is  less  than  would  be  needed  without  line 
capacity,  but  as  this  capacity  is  small  the  reduction  is  not 
nearly  so  marked  as  in  the  case  of  the  longer  line  with 
greater  capacity. 

On  the  assumption  that  the  lines  considered  in  these 
notes  are  run  as  varying  voltage  lines,  it  would  be  neces- 
sary, in  order  to  maintain  constant  voltage  at  the  receiver 


70,000 


40,00c 


Fig.  8. — Circle  diagram  for  high-tension,  constant-voltage, 
three-phase,  25-period  transmission  line. 

end  between  no  load  and  full  load,  to  vary  the  voltage  at 
the  generator  end  of  the  go-mile  line  2f88  per  cent,  and 
in  the  case  cf  the  380-mile  line  22T4  per  cent  of  the  full- 
load  generator  volts. 

In  ordinarv  conditions  of  working  the  load  would 
probablv  not  be  changing  very  rapidly  and  the  voltage 
regulation  could  probably  be  taken  care  of  by  hand  regu- 
lation of  the  generator  iields,  as  soon  as  sufficient  experi- 
ence has  been  gained  in  operating  the  lines  to  ascertain 
what  voltage  at  the  generating  station  would  be  required 
for  various  loads.  Load  and  voltage  curves  at  the  gene- 
rator station  could  be  plotted,  and  the  generator  volts  so 
regulated  that  approximately  constant  voltage  would  be 
maintained  at  tlie  receiver  end.  The  operating  conditions 
would  determine  whether  this  was  possible,  but  it  is  easy 
to  conceive  loads  such  as  tliat  taken  by  electric  furnaces, 
rolling  mills,  etc.,  which  would  make  it  impossible  for 
satisfactory  hand  regulation  of  the  generator  volts  to  be 
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carried  oat  ev«n  with  induction  regulators  installed  on 
the  feeders  at  the  receiving  substation.  In  these  cases 
specially  adjusted  voltage  regulators  on  the  generators 
might  do  the  work,  but  in  very  long  lines  such  as  the 
38o-inile  line,  it  would  almost  certainly  be  found,  in  prac- 
tice, impossible  to  give  satisfactory  service  without  the 
addition  of  sufficient  synchronous  plant  to  obtain  con- 
stant voltage  transmission. 

Further,  for  the  maximum  voltage  drop  between  the 
ends  of  the  line,  as  limited  by  permissible  regulation,  it 
would  probably  be  found  impossible,  in  the  case  of  very 
long  lines,  to  transmit  sulticieiit  power  as  varying  volt.ige 
lines  to  make  them  commercial  propositions.  The  in- 
creased loading  for  the  same  drop  between  the  ends  of 
the  line  when  operated  for  constant  voltage  transmission 
would  make  many  lines  profitable  which  otherwise  would 
not  be  so. 

In  the  case  of  varying  voltage  lines  there  arc  conditions 
arising  in  practice  due  to  faults,  which  would  make  the 
ri-c  in  voltage  at  the  receiver  end  very  much  greater  than 
that  calculated,  .ind  which  point  to  the  provision  of 
specially  dc>igned  generators  to  assist  in  meeting  the 
difficullies  which  wxiuld  arise. 

Take  the  case  of  the  ^So-mile  line  operating  as  a  varying 
voltage  line,  and  carrying  as  a  ma.\imum  load  18,000  kw. 
The  load  is  assumed  to  have  a  power  factor  of  80  per  cent, 
but  due  to  the  line  capacity  the  power  factor  at  the  gene- 
rating end  is  98-6  per  cent  lagging  at  full  load.  Assuming 
the  line  to  be  delivering  i8,<Jod  kw.  (with  generators  loaded 
to  20,3S8  k.v.a  )  and  some  circumstances  arising  which  trip 
the  line  breakers  at  the  recaver  end,  the  line  load  would 
change  from  18.000  kw.  to  zero.  Due  to  the  charging 
current  of  the  line  remaining  on  the  generators,  we  get 
the  loading  of  the  generators  changing  from  20,388  k.v.a. 
at  98-6  per  cent  lagging  to  10,771  k.v.a.  (the  charging 
k.v.a.)  at  3'9  per  cent  power  factor  leading.  Under  the 
loaded  conditions  spcciBcd  the  generators  would  be  taking 
a  little  more  than  normal  excitation  from  their  exciters  to 
deal  with  the  lagging  lo.id  which  they  were  carrying,  but 
when  the  circuit  breakers  open  in  the  manner  indicated, 
the  power  factor  at  the  generators  would  suddenly  change 
to  a  very  low  leading  value,  and  the  high  charging  current 
making  up  the  10,771  k.v.a.  required  for  charging  the  line, 
being  almost  In  quadrature  leading,  would  tend  to  raise 
the  voltage  at  the  generators  very  considerably.  We  see. 
therefore,  that  not  only  would  the  receiver  voltage  rise 
due  to  the  load  coming  off,  but  tliere  would  be  an  addi- 
tion.il  very  great  increase  due  to  the  sudden  increase  in 
the  generator  voltage. 

Neglecting  altogether  the  effect  of  any  surging  which 
would  occur  in  the  line,  and  which  in  Itself  would  cause 
momentarily  considerably  increased  voltage,  we  see  that 
the  receiver  voltage  would  rise,  under  these  special  condi- 
tions, far  above  the  i^i'i,<;'>8  volts  calculated  at  no  load  for 
con«l4iit  generator  voIIn.  Without  knowing  the  generator 
dcMgii  It  I-  iinpo.tihic  lo  viy  just  what  tins  volt.ige  would 
be.  but  il  le  that  the  receiver  voltage  would 

rue  to  thi  ■■  I  o(  200,000  at  least. 

Take  another  condition  which  might  ari^e  in  actual 
practice.  At  no  load  the  generator  power  (actor  is  37  per 
tent  leading,  ami  at  full  load  of  18,000  kw. the  power  factor 
M  98-6  per  cent  lagging.  At  loads  up  to  near  normal  full 
load,   therefore,   the    gciierator    power   factor    would    be 


leading,  and  at  relatively  low  loads  would  be  leading  very 
considerably.  The  resulting  currents  in  the  generator 
would  therefore  assist  the  excitation  taken  from  the  exciters, 
and  would  tend  to  raise  the  generator  voltage.  Conse- 
quently, for  constant  receiver  volts  it  would  be  necessary, 
when  the  generators  were  cvrylng  leading  current,  to 
draw  from  the  exciters  only  a  very  small  amount  of  exciting 
current,  especially  at  low  loads.  If  under  light  load  condi- 
tions something  were  to  take  place  on  the  line  which 
caused  the  line  breakers  at  the  generator  end  of  the  line  to 
open,  not  only  would  tlie  load  be  cut  off,  but  the  line 
charging  current  would  also  be  cut  off,  and  the  generators 
would  be  left  running  with  only  the  low  excitation  taken 
from  the  exciters.  There  would  therefore,  under  these 
conditions,  be  a  very  large  drop  In  volt.ige  on  the  station 
busbars,  and  under  certain  conditions  this  drop  would  be 
so  great  that  the  station  auxiliaries,  if  driven  from  the  main 
busbars,  might  shut  down. 

Three  important  conclusions  appear  to  sUnd  out  as  the 
result  of  the  abjve  considerations  which  apply  with  special 
force  to  long  lines  of  high  capacity. 

(i)  The  generators  should  be  so  designed  that  they 
would  respond  sluggishly  to  sudden  changes  in 
circuit  conditions,  so  that  there  would  not  be  any 
great  change  in  the  generator  voltage  before  any 
voltage  regul.ilors  installed  could  alter  the  excita- 
tion to  take  care  of  the  new  conditions. 

(2)  The  voltage  regulators  in   use    at    the    generating 

station  should  have  a  very  broad  range  of  control. 

(3)  Important  station   auxiliaries,  if   electrically  driven, 

should  be  operated  from  small  units  independent 
of  the  main  generating  sets  or,  as  an  alternative 
should  be  steam  driven. 


Skctiox  7. 

Tables  ov  LtxE  D.\ta. 

The  following  tables  arc  attached  as  they  are  neccssar}' 
for  the  solution  of  lines  by  the  methods  set  out  in  these 

notes. 

Table  i. — Corona  limits  of  voltage. 

The  size  of  conductors  chosen  should  be  such  that  the 
limits  set  out  in  this  table  are  not  exceeded  in  ordinary 
service. 

Table  2.— Resistance  of  copper  wire  and  cable. 

Table  3. — Resistance  of  aluminium  c.ible. 

Table  4. — Reactance  of  wire,  25  cycles. 

Table  5.— Reactance  of  cable,  25  cycles. 

Tabic  h. — Capacity  susceptance  of  wire,  25  cycles. 

Table  7.— Capacity  susceptance  of  cable,  25  cycles. 

1 1  will  be  noted  that  the  cable  and  wire  sites  mentioned 
in  these  tables  are  American  standards.  It  is  a  matter  of 
regret  to  British  engineers  outside  the  I'liited  Kingdom 
that  British  cable  makers  and  engineers  have  not  tabulated, 
and  published,  corresponding  data  for  British  standard 
wires  and   cables. 

It  is  only  natural  that  colonial  01  foreign  corporations, 
and  engineers,  installing  high-tension  transmission  schemes 
should  base  their  preliminary  investigations  and  catcuU- 
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tions  on  American  wires,  as  data  for  these  only  is  available.       interests  of  the  British  electrical  engineering  industry,  the 
This   reacts  unfavourably   on   British   firms    sceiiing   the   I    Institution  should  take  the  necessary  steps  in  conjunction 


Table  i. 

Corona  Limit  of  Voltage. 

Kilovolts  at  sea  level  for  three-phase  lines. 


Cables 
Mik 

Diameter  in  Inches 

Spacing 

in  Feet 

B.  S:  S.  or  Circular 

8 

10 

12 

14 

16 

20 

O 

0-374 

95 

98 

102 

104 

106 

109 

GO 

0-420 

104 

108 

III 

114 

117 

121 

COO 

0-470 

114 

118 

121 

124 

127 

13-2 

0,000 

0-530 

1^5 

130 

135 

138 

141 

146 

250,000 

0-590 

138 

144 

149 

152 

156 

161 

300,000 

0-620 

— 

151 

156 

161 

I&5 

171 

350,000 

0-679 

— 

161 

166 

170 

175 

180 

400,000 

0-728 

— 

171 

176 

180 

185 

192 

450,000 

0-770 

— 

178 

184 

190 

194 

200 

500,000 

o-8i8 

— 

188 

194 

199 

205 

210 

800,000 


1-034 


241 


244 


2=;6 


Altitude  Correction  Factor. 


Altitude,  in  Feet 

Correction  Factor 

Altitude,  in  Feet 

Correction  Factor 

0 

I  -oo 

5,000 

0-82 

500 

0-98 

6,000 

0-79 

1,000 

0-96 

7,000 

0-77 

1,500 

0-94 

8,000 

0-74 

2,000 

0-92 

9,000 

0-71 

2,500 

0-91 

10,000 

0-68 

3,000 

0-89 

12,000 

0-63 

4,000 

0-86 

14,000 

0-58 

To  find  the  voltage  for  any  altitude,  multiply  the  voltage  found  in  the  table  by  the  corresponding  correction 
factor.     For  single-phase  or  two-phase,  find  the  three-phase  voltage  above  and  multiply  by  i  - 16. 


contract  for  line  construction  and  other  electrical  work  in       with  cable  manufacturers  in  Great  Britain,  to  enburc  the 
connection  with  such  schemes.  preparation  and  publication  as  early  as  possible  of  corre- 

The  author  therefore  makes  the  suggestion  that,  in  the       spending  data  for  British  wires  and  cables. 


no 
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Table  2 — Rest  fiance  of  Copper  Wire  and  Cable. 
Data  assumed:  Temperature,  20' C.  (t>8°  F.)- 

Conductivity  of  hard  drawn  copiwr.  97-3  per  cent  of  the  annealed  copper  standard. 
Increase  in  resistance  of  cables  due  to  spiralling,    1   jx-r  cent. 

Copper  Wire. 


B.ik& 


0000 

000 

00 

o 

1 


CimiUr  Mi<s 

Diameter 

(J,).  Infhi- 

21  I,(^HXI 

o-^boo 

l6;,8oo 

0-4090 

i33.«oo 

o-3«>48 

105,500 

0-3^49 

83.690 

0-2893 

66.370 

0-2576 

5^.630 

0-2294 

4«.740 

02043 

33.100 

0-1819 

26.250 

0- 1620 

20.820 

OM43 

16,510 

0-1285 

RcsitUncc,  Ohms  per  Mile 


Direct  Current 

2\  CvIm 

Increase 
Pwcent 

6a  Cyclci 

Increafc 
Vcr  crnt 

02055 

0-2057 

0-08 

0-20<>7 

0-44 

0-3348 

0-3350 

0-05 

03358 

027 

0-4221 

0-4223 

0-03 

04229 

0-17 

o-53i6 

0-53^7 

0-02 

0-533I 

O-  11 

0-6714 

0-6714 

O-OI 

0-6718 

0-07 

0-8466 

0-8466 

o-oi 

0-8469 

0-04 

1-068 

I  -  o«>S 



1008 

003 

1-346 

'•346 



« •  346 

0-02 

1-697 

1-697 



i-t>98 

'          O-OI 

2-140 

2-140 



2-140 

0-01 

2-«>99 

2-699 



2-699 

— 

^  ■  •»"3 

3  403 



3  403 

B.  &S. 


CircuUr  Ilib 


Copper  Cable. 


Diameter 
(2,<).  Incha 


Numbo- 

o(  Wires    I  — 

assumed 


Resistaooc,  OIubs  pa  Mile 


Direct  Cuneoi 


})  Cycles 


Inoeaie 


toCyda 


Percent 

Percent 

^"^ 

500,000 

o-8tII 

19 

0-1133 

0- 1 140 

0-41 

0-1162 

2-34 

— 

450,000 

0-7695 

»9 

O- I  201 

0-1265 

0-33 

01285 

1-90 

— — 

400,000 

0-7255 

1 9 

0-1419 

o- 1422 

0-26 

0-1440 

1  50 

— 

350,000 

0-6786 

I<> 

0- 1621 

0- 1625 

0-20 

0- 1640 

1-16 

— 

300,000 

0-6211 

7 

o- 1892 

0  - 1 894 

015 

01908 

0-85 

— 

250,000        1       0-5669 

/ 

0-2270 

0-2272 

0-  10 

02284 

O-flO 

0000 

211.600               0-5216 

7 

0-2682 

0-2684 

0-07 

0-2693 

0-43 

000 

167,800               0-4645 

7 

0-338-2 

03384 

0-05 

0-339I 

0-27 

00 

133.100               0-4137 

7 

0-4264 

0-4265 

0-03 

0-4271 

0-17 

0 

105.500               0-3683 

7 

0-5379 

0-5380 

0-02 

05385 

on 

• 

83,690               0-3280 

7 

06781 

06782 

O-OI 

06785 

0-07 

2 

66,370 

0-2921 

7 

0-8550 

0-8551 

0-01 

0-8554 

0-04 

3 

52,630 

0-2601 

7 

1-078 

1-078 

— 

1078 

0-03 

4 

4'  740 

0-2317 

7 

I  •  3r)o 

i-3t)o 

— 

I  -  360 

0-02 

1  empi 

ralure  Coeffici 

eiUs  oj  Coppet 

'. — l-or  d 

iflcrent  initial 

temperature:: 

and  dificn 

;nt  conductiv 

tics. 

Het- 


IV<  rent 
'  ondwlivilv 


u  •  I  ( .  I  .  .,s 
<>•  I  c,.,,.. 

o  •  I  s :  - ' . 
o'«5:^; 

o- 156I4 


'•.'>! 


95 

0 ■ 00405 

9^. 

0-00409 

•'7 

0-00414 

'*7-3 

0-004  IS 

.,h, 

0-00418 

'ft 

o-()0423 

100 

..   .K.428 

I'll 

0-00432 

J 

where  l< 

J"  i.u  tirr 

'. 

deg    1 

0 • 0038 1 

"0374 

o-oo3<>7 

0  -  0038(1 

00378 

0-00371 

0 - 00390 

0038J 

000375 

0-00391 

00383 

0-00376 

0-00394 

00386 

0-00379 

<)-oo3c»8 

tMi39o 

0-00383 

(»'IK*402 

'•".394 

0-00386 

0-00406 

0 

00398 

0-00390 

o ■ 0030 I 
o  -  oo3'i4 
o  -  00368 
o -  00369 
0-00372 
0-00375 
o-oo37<j 
0-00383 


o-oo33() 
0-00340 
0-00343 
0-00344 
o-oo34<i 
0-00349 
0-00352 
0-00355 


\  I'll] 


nc*  at  any  tem|ieraturc  /  deg,  C,  and  R|,  is  the  resistance  at  any 
\;>]H-ndix  V..  Slamiardtiation  Utiles  of  I  he  .i  .1  .E  F.  ,  June  27,   loll. 
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Table  3. — Resistance  of  Aliimiuiitm  Cable. 

Data  assumed:  Temperature,   20°  C.   {68°  F.). 

Conductivity  of  hard  drawn  aluminium,  60 -86  per  cent  of  the  annealed  copper  standard. 
Increase  of  resistance  of  cables  due  to  spiralling,   i   per  cent. 

Aluminium  Cable. 


B.  &s. 


0000 

000 

00 

o 

I 
2 

3 
4 


Circular  Mils 


556.500 

477.000 

397.500 

336.420 

266,800 

211,600 

167,800 

133.100 

105,500 

83,690 

66,370 

52.630 

41.740 


Diameter 
{z  fj).  Inches 


0-8557 
0-7922 

0-7232 
0-6577 
0-5857 
0-5216 
0-4645 

0-4137 
0-3683 
0-3280 
0-2921 
0-2601 
0-2317 


Number  of 
V\'ires 


Resistance,  Ohms  per  Mile 


s>ume.l 

Direct  Current 

25  Cycles 

19 

0- 1630 

0-1634 

19 

o- 1902 

o- 1905 

19 

0-2282 

0-2285 

7 

0-2697 

0- 2699 

7 

0-3401 

0-3402 

7 

O-42S8 

0-4289 

7 

0-5407 

0-5407 

7 

0-6816 

0-6817 

7 

0  -  8600 

0  -  8600 

7 

1-084 

1-084 

7 

1-367 

1-367 

7 

1-724 

1-724 

7 

2-174 

2-174 

Increase 


Per  cent 
0-20 
0-15 
o- 10 
0-07 

0-05 
0-03 

0-02 
o-oi 
o-oi 


60  Cycles 

Increase 

Percent 

0- 1649 

1-14 

0- I918 

0-84 

0-2296 

0-59 

0- 2708 

0-42 

0-3410 

0-27 

0-4295 

0-17 

0-5412 

0-  10 

0-6821 

0-07 

0  -  8603 

0-04 

1-084 

0-03 

1-367 

0-02 

1-724 

0-01 

2-174 

O-OI 

Temperature  coefficient  of  aluminium  at  20°  C  ,   0,5=0-0039. 
Table  4. — Reactance  of  ]Vire,  25  Cycles. 


.V=2  .T/X741-ll0gi, 


X  10    ^  ohms  per  mile. 


0^  radius  of  wire. 


s=spacing. 


0-779 e 

For  three-phase  irregular  spacing  use  s^-\  (a be).     For  three-phase  regular  flat  spacing  use  s^  1-26  a. 
For  a  two-phase  line  the  spacing  is  the  average  distance  between  centres  of  conductors  of  the  same  phase. 


B.  &S. 

No.  0000 
211,600 

No.  000 

No.  00     j 

No.  0 

No.  I 

No.  2 

No.  3 

No.  4 

No.  5             No.  6 

No.  7 

No.  8 

Circ.  Mib 

167,800    j 

1 

133, roc 

105,500 

83,690 

66,370 

52,630 

41,740 

33,100     1     26,250 

1 

20,820 

16,510 

Spacing 

Diam. 

(2,.),  m. 

0-4600 

0-4096    )    0-3648 

03249 

i 
0-2S93     1    0-2576 

0-2294 

0-2043 

0-1819         ;        0-1620 

0-1443 

0-1285 

Spacing 

(s),  Feet 

I 

I 

0-213 

0-219    j 

0-224 

0-230 

0-236 

0-242 

0-248 

0-254 

0-259               0-265 

0-271 

0-277 

I 

1-5 

0-233 

0-239 

0-245 

0-251 

0-256 

0-262 

0-268 

0-274 

0-280               0-286 

0  -  292 

0-298 

1-5 

7 

0-248 

0-254   1 

0-259 

0-265 

0-271 

0-277 

0-283 

0-289 

0-295               0-300 

0-306 

0-312 

2 

2-5 

0-259 

0-265 

0-271 

0-276 

0-282 

0-288 

0-294 

0-300 

0-306               0-312 

0-318 

0-323 

2-5 

3 

0-268 

0-274 

0-280 

0-286 

0-292 

0-297 

0-303 

0-309 

0-315  ;  0-321 

0-327 

0-333 

3 

3-5 

0-276 

0-282 

0-288 

0-293 

0-299 

0-305 

0-311 

0-317 

0-323     0-329 

0-335 

0-340 

3-5 

4 

0-283 

0-289 

0-294 

0-300 

0-306 

0-312 

0-318 

0-324 

0-330     0-335 

0-341 

0-347 

4 

4-5 

0-289 

0-295 

0-300 

0-306 

0-312 

0-318 

0-324 

0-330 

0-335     0-341 

0-347 

0-353 

4'5 

5 

0-294       0-300 

0-306 

0-311 

0-317 

0-323         0-329 

0-335 

0-341     0-347 

0-353 

0-358 

5 

6 

0-303       0-309 

0-315 

0-321 

0-327 

0-333 

0-338 

0-344 

0-350     0-356 

0-362 

0-368 

6 

7 

0-3II    \    0-317 

0-323 

0-329 

0-334 

0-340 

0-346 

0-352 

0-358     0-364 

0-370 

0-375 

7 

8 

1    0-318 

0-324 

0-330 

0-336 

0-341      0-347 

0-353 

0-359 

0-365     0-370 

0-376 

0-382 

8 

9 

0-324 

0-330 

0-335 

0-341 

0-347 

0-353 

0-359 

0-365 

0-370  ,  0-376 

0-382 

0-388 

9 

10 

1    0-329 

0-335 

0-341 

0-347 

1  0-352 

0-358 

0-364 

0-370 

0-376*   0-382 

0-388 

0-394 

10 

11 

0-334 

0-340 

0-346 

0-351 

0-357      0-363 

0-369 

0-375 

0-381 

0-387 

0-392 

0-398 

11 

12 

0-338 

0-344 

0-350 

0-356 

0-362 

0-368 

0-374 

0-379 

0-385 

0-391 

0-397 

0-403 

12 

13 

0-342 

0-348 

0-354 

0-360 

0366 

0-372 

0-378 

0-383 

0-389 

0-395 

0-401 

0-407 

13 

14 

0-346 

0-352 

0-358 

0-364 

0-369 

0-375 

0-38-1 

0-387 

0-393 

0-399 

0-405 

0-411 

14 

15 

:  0-350 

0-356 

0-361 

0-367 

0-373 

0-379 

0-385 

0-391 

0-396 

0-402 

0-408 

0-414 

15 

16 

0-353 

0-359 

0-365 

0-370 

0-376 

,  0-382 

0-388 

0-394 

0-400 

0-406 

0-411 

0-417 

16 

18 

0-359 

0-365 

0-371 

0-376 

,  0-382 

0-388 

0-394 

0-400 

0-406 

0-411 

0-417 

0-423 

18 

20 

0-364     0-370 

0-376 

0-382 

i     0-388     !    0-394 

0-399 

0-405 

0-411 

0-417 

0-422 

0-428 

20 
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Table  5. 
H  facta  lire  of  Cable,  25  Cycles. 
ohms  per  mile  for  a  j-wire  stranded  cable 


Use  loe.o _—  for  19  wires.  I 

0-7589  J 


p=ma.ximuin  radius  of  cable. 

i  =  spacing. 

For  three-phase  irregular  spacing  use  s=^^(abc). 

For  three-phase  regular  flat  spacing  use  i=  i  •  26  a. 

For  a  two-phase  line  the  spacing  is  the  a\erage  distance  between  centres  of  conductors  of  the  same  phase. 


Sixes  lot  Copfxi  CaUct 


Sixes  lor  Aluminium  CAblc> 


CJRiilarimi 


Number  of  Wirexl 


l>.-nirtr*         ^l 


900,000 

no.occ 

19 

C-81II 

0  ^t-^^ 

400.000        J5aooo        joo.ooo        iso.ooo        s^6.soo    "  477.000        39?.soo        336.410        366.800 


,..^:ai  ,1,,1-ccl 

I 

0-185 

0-188 

0-191 

0-194 

0-201 

»-5 

0206 

0-208 

0-21I 

0215 

0-221 

2 

0-220 

0-223 

0-226 

0-229 

0-236 

2-5 

0-232 

0-234 

°ii- 

0-241 

0247 

3 

0-241 

0244 

0-246 

0-250 

0-256 

.V5 

0-249 

0-251 

0*54 

0-258 

0-264 

4 

0255 

0-258 

0-261 

0-264 

0-271 

4-5 

0-261 

0-264 

0-267 

0-270 

0-277 

5 

0-267 

0-269 

0-272 

0276 

0282 

6 

0-276 

0279 

0-281 

0-285 

0-291 

7 

0-284 

0-286 

0-289 

0-293 

0-299 

8 

0-290 

0293 

0-296 

0-299 

0-306 

9 

0-296 

0-299 

0-302 

0305 

0-312 

10 

0-301 

0-304 

0307 

0-311 

0-317 

II 

0-306 

0-309 

0-312 

0-316 

0-322 

11 

0-311 

0-314 

0-317 

0-320 

0-327 

«3 

0  3»5 

0-318 

0-321 

03*4 

o-33« 

«4 

0-319 

0-321 

0-325 

0-328 

0-334 

«5 

0-322 

0325 

0-328 

o-33« 

0-338 

Ki 

0-326 

0-328 

0-331 

0  335 

0.341 

18 

0-331 

0-334 

0-337 

0-341 

0-347 

20 

o-337 

0340 

0342 

0346 

0-352 

0-205 
0-226 
0-240 

0-252 
0-261 
0-269 

0275 
0-281 
0-287 
0-296 
o  304 

0311 

o  316 

0322 

..•327 

o  331 

0-335 
0-339 
o  342 
o  346 

o  352 
0-357 


-u 


SpadiLC 


o  7JJ3         o  6577         o  S»S7 


I  o-i83 
i  0-203 
!  0-218 
I  0-229 
j  0-238 
I-  0-246 
I  0253 
:  0-259 
I  0-264 
I  0-273 
I  0-281 
0-288 
0294 

0-299 
0-304 
0-308 
0-312 
0-316 
0-320 
0323 
0-329 
0-334 


0-186 

0-191 

0-198 

0-204 

0-206 

0-211 

0-218 

0*224 

5 

0-22I 

0-226 

0-233 

0239 

0233 

0-237 

0-244 

0-250 

5 

0-  242 

0-246 

0253 

0-259 

0-249 

0-254 

0-261 

0267 

5 

0-256 

0-261 

0-268 

0274 

0-262 

0267 

0274 

0-280 

5 

0-268 

0-272 

0279 

0-285 

0-277 

0-282 

0-288 

0294 

6 

0-285 

0-289 

0-296 

0-302 

/ 

0292 

o-  296 

0303 

0-309 

8 

0-297 

0302 

0-309 

o-3>5 

9 

0303 

0308 

0314 

0-320 

10 

0-308 

0-312 

0-319 

0-325 

11 

0-312 

0-317 

0-324 

0-330 

12 

0-316 

0-321 

0-328 

0-334 

>3 

0-320 

0325 

o-33> 

0-337 

«4 

03*3 

0-328 

0-335 

o-34« 

>5 

0-327 

o-33> 

0-338 

0-344 

16 

0-332 

0-337 

0-344 

0350 

18 

0-338 

0-343 

0  349 

0-356 

20 
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Table  5 — continued. 

Reactance  of  Cable,  25  Cycles — continued. 

For  three-phase  irregular  spacing  use  s=y/{abc). 

For  three-phase  regular  flat  spacing  uses^i-26a. 

For  a  two-phase  Une  the  spacing  is  the  average  distance  between  centres  of  conductors  pf  the  same  phase. 

Sizes  for  both  Copper  and  Aluminium  Cables. 


B.:&s 

No.  0000 

No.  000 

No.  00 

No.  0 

No.  I 

No.  2 

Circular  Mils 

211,600 

167,800 

133.100 

105,500 

83,690 

66,370 

Number  of  Wires  assumed  . . 

7 

7 

7 

7 

7 

7 

Diameter  (2  u).  Inches 

0-5216 

0-4645 

0-4137 

0-3683 

0-3280 

0-2921 

Spacing  (s),  Feet 

I 

0-2I0 

0-215 

0-221 

0-227 

0-233 

0-239 

1-5 

0-230 

0-236 

0-242 

0-248 

0-254 

0-259 

2 

0-245 

0-251 

0-256 

0-262 

0-268 

0-274 

2-5 

0-256 

o-  262 

0-268 

0-274 

0-279 

0-285 

3 

0-205 

0-271 

0-277 

0-283 

0-289 

0294 

3-5 

0-273 

0-279 

0-285 

0290 

0-296 

0-302 

4 

o-  280 

0-286 

0-291 

0-297 

0-303 

0-309 

4-5 

0-286 

0-292 

0-297 

0-303 

0-309 

0-315 

5 

0-291 

0-297 

0-303 

0-309 

0-315 

0-320 

6 

0-300 

0-306 

0-312 

0-318 

0-324 

0-330 

7 

0-308 

0-314 

0-320 

0  •  326 

0-33I 

0-337 

8 

0-315 

0-321 

0-326 

0-332 

0338 

0-344 

9 

0-321 

0-325 

0-332 

0338 

0344 

0-350 

10 

0-326 

0-332 

0-338 

0-344 

0-350 

0-355 

II 

0-33I 

0-337 

0-343 

0-348 

0-354 

0-360 

12 

0-335 

0-341 

0-347 

0-353 

0-359 

0-365 

13 

0-339 

0-345 

0-351 

0-357 

0-363 

0-369 

14 

0-343 

0-349 

0-355 

0-361 

0-367 

0-372 

15 

0-347 

0-352 

0-358 

0-364 

0-370 

0-376 

16 

0-350 

0-356 

0-361 

0-367 

0-373 

0-379 

18 

0-356 

0-362 

0-367 

0-373 

0-379 

0-385 

20 

0-361 

0-367 

0-373 

0-379 

0-385 

0-390 

No.  3 

No.  4 

52,630 

41,740 

7 

7 

0"260I 

0-2317 

0-245 

0-251 

0-265 

0-271 

0-280 

0-286 

0-291 

0-297 

0-300 

0-306 

0-308 

0-314 

0-315 

0-321 

0-321 

0-327 

0-326 

0-332 

0-335 

0-341 

0-343 

0-349     j 

0-350 

0-356     j 

0-356 

0-362 

0-361 

0-367 

0  -  366 

0-372 

0-371 

0-376 

0-375 

0-380 

0-378 

0-384 

0-382 

0-388 

0-385 

0-391 

0-39I 

0-397 

0-396 

0-402 

Spacing 


I 

1-5 
2 

2-5 

3 

3-5 

4' 

4-5 

5 

6 

7 
8 

9 
10 
II 
12 
13 
14 
15 
16 
18 
20 
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Table  6. 
Capacity  Suscrptance  of  Wire,  25  Cycles. 

b  (approx.)=i  mhos  per  mile. 

•««">  (r!) 

(=nulius  of  wire. 

5=si>acing. 

For  three-phase  irregular  spacing  use  s=y/{flhc). 

For  three-phase  regular  flat  spacing  use  5=i-i(ya. 

For  a  two-pliase  Ime  the  spacing  is  the  average  distance  between  centres  cf  conductors  of   the  same  phase. 


B.  •  S.  No.  oooo     Na  ooo  |    No.  oo    |     Na  o         No.  i  No.  X     j     Na  3  No.  4     '     N'n.  5  Ko.  (>         No.  7  No.  8 

'-■-  ■  ^o.S^o         x6,)lo    J  Sparine 


Orcalwlllk 


I 


r  A.m        II-.  ion  io«  <oo  8 1  ftQO  i.«-  t-n  kj  h\a  41,740 


DUm.<i|>),liKb'^ 

0    4r.oo 
*  10 <* 

»  10 — » 

K  10 * 

X.0- 

0    iifii 
X  lO 1 

X   10 3 

X  10 — > 

0  ;on 
X  10 — =■ 

o-l9t(} 

X  10 — r. 

.   10      ^ 

'  lO"  -■' 

■  10 — > 

SpaoBf  «),  Fen 

I 

3-55 

3-45 

3-35 

3-26 

318 

3- 10 

3 -02 

2-95 

2-88 

2-8l 

2-75 

269 

I 

«-5 

3-22 

3M 

306 

298 

2-91 

284 

2-78 

2-72 

2-66 

2-6o 

2-54 

2-49 

'■5 

2 

302 

2-95 

2-88 

2 -81 

2-75 

2-09 

2    63 

2-57 

252 

2-47 

242 

2-37 

25 

2-88 

2-82 

2-75 

2-69 

263 

258 

252 

2-47 

242 

238 

2-33 

2- 29 

2-5 

3 

278 

2-72 

2-66 

2(iO 

2-55 

2-49 

2-44 

2-40 

2 -.15 

2  30 

2-26 

2-22 

3-5 

2-70 

2  64 

258 

2-53 

248 

2  N3 

238 

2-33 

2  29 

225 

2-21 

217 

3-5 

A 

2  03 

2-57 

2-52 

2-47 

2-42 

2-37 

2-33 

228 

224 

2 -20 

216 

2-12 

•♦•5 

i-57 

252 

2-47 

242 

2-37 

2-33 

228 

224 

2 -20 

2     1<. 

212 

209 

4-.S 

5 

252 

2-47 

242 

2-38 

2-33 

2-29 

2-24 

2 -20 

2- 16 

213 

2-09 

2    05 

«) 

2-44 

240 

2-35 

230 

2    26 

2-22 

218 

215 

2-10 

207 

a  03 

2-00 

7 

238 

2-34 

2-29 

225 

2-21 

217 

213 

209 

2 -06 

2 -02 

1-99 

I -96 

8 

2  33 

228 

224 

2 -20 

216 

2-12 

209 

2  05 

2'02 

198 

«-95 

1-92 

8 

9 

228 

224 

2 -20 

216 

2-12 

209 

2    05 

2-02 

1-98 

1-95 

I  92 

189 

9 

10 

224 

2  20 

2-l6 

213 

2-09 

2-05 

2-02 

1-99 

1-96 

1-92 

189 

1-86 

10 

1 1 

2-21 

217 

213 

210 

2    00 

2   03 

1-99 

l-9<j 

«-93 

190 

I   87 

1-84 

II 

12 

218 

214 

2-II 

207 

2-03 

2-00 

1-97 

1-94 

1-91 

1-88 

I   85 

1-82 

12 

M 

215 

212 

208 

2  04 

2-OI 

1-98 

>-95 

I  92 

189 

1-86 

183 

i-8o 

•3 

•4 

213 

209 

206 

2 -02 

1-99 

196 

1-93 

1-90 

1-87 

I  84 

i-8i 

1-79 

»4 

15 

211 

207 

2   04 

2-00 

1-97 

1-94 

I -91 

1-88 

1 85 

■1-82 

i-8o 

1-77 

I.S 

10 

209 

205 

2 -02 

IQ9 

1-95 

1-92 

189 

I -80 

1 84 

l-8t 

178 

>-75 

1(> 

18 

205 

2-02 

1-99 

1-95 

1-92 

189 

1-86 

183 

i-8i 

1-78 

«-75 

••73 

18 

20 

202 

1-99 

196 

1-92 

X.90 

■•" 

1-84 

i-8i 

1-78 

1-76 

'•73 

1-71 

20 
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h  (approx.)  = 


Table  7. 
Capacity  Susceptancc  of  Calle,  25  Cycles. 
2  .t/X  38-83x10—9 

lo? 


'-^'°(?      V 


-   mhos  per  mile. 


e^maximum  radius  of  cable. 

s= spacing. 

For  three-phase  irregular  spacing  use  s^\/{abc). 

For  three-phase  regular  flat  spacing  use  5=  1-26  a. 

For  a  two-phase  line  the  spacing  is  the  average  distance  between  centres  of  condr.ctors  of    xhe  same  pha-se. 


Sizes  for  Copper  Cables 

250,000 

Sizes  for  Aluminium  Cables 

CirciUar  Mib 

500,000 

450,000 

400,000 

350,000 

300,000 

556,500 

477,000 

397.500 

336,420 

266,800 

- 

Number  of  Wires  \ 
assumed         j 

19 

19 

19 

19 

7 

7 

19 

19 

19 

7 

7 

Spacing 

Diameter        \ 
(2,),  Inches      / 

o*8ni 

07695 

0-7255 

0-6786 

0-62I1 

0-5669 

0-8557 

0-7922 

■0-7232 

0-6577 

0-5857 

Spacing  (s),  Feet 

xio — s 

X  10 — 5 

X  10 — S 

XIO — 5 

XIO— S 

X  10 — 5 

XIO— 6 

X  10 — 6 

X  10 — 6 

X  10 — 6 

X  10 — s 

I 

4-15 

4-08 

4-01 

3-94 

3-84 

3-75 

4-21 

4-12 

4-01 

3-91 

3-78 

I 

1-5 

3-70 

3-65 

3-60 

3-54 

3-46 

3-38 

3- 7b 

3-68 

3-60 

3-51 

3-41 

1-5 

2 

3-4  t 

3-40 

3-35 

3-30 

^■2i 

3-i6 

3-49 

3-42 

3-35 

3-27 

3-19 

2 

^■5 

3-26 

3-23 

3-i8 

3-13 

3-07 

3-01 

3-31 

3   25 

3-i8 

3-II 

3-03 

2-5 

3 

3-13 

3-IO 

3-06 

3-01 

2-95 

2-90 

3-17 

3-II 

3-05 

2-99 

2-92 

3 

3-5 

3-03 

2-99 

2-95 

2-91 

2-86 

2-Sl 

3-06 

3-OI 

2-95 

2-90 

2-83 

3-5 

4 

2-94 

2-91 

2-87 

2-84 

2-79 

2-74 

2-98 

2-93 

2-87 

2-82 

2-75 

4 

4-5 

2-87 

2-84 

2-81 

2-77 

2-72 

2-68 

2-90 

2-86 

2-81 

2-75 

2-69 

4-5 

5 

2-8l 

2-78 

2-75 

2-71 

2-67 

2-62 

2-84 

2 -80 

2-75 

2-70 

2-64 

5 

6 

2-71 

2-68 

2-65 

2-62 

2-58 

2-54 

2-74 

2-70 

2-65 

2-61 

2-55 

6 

7 

2-63 

2-6i 

2-58 

2-55 

2-51 

2-47 

2-66 

2-62 

2-58 

2-53 

2-48 

7 

8 

2-57 

2-54 

2-52 

2-49 

2-45 

2-41 

2-59 

2-56 

2-52 

2-47 

2-42 

8 

9 

2-52 

2-49 

2-47 

2-44 

2-40 

2-3O 

2-54 

2-50 

2-46 

2-42 

2-38 

9 

10 

2-47 

2-45 

2-42 

2-39 

2-36 

2-32 

2-49 

2-46 

2-42 

2-38 

2-34 

10 

II 

2-43 

2-41 

2-38 

2-35 

2-32 

2-29 

2-45 

2-42 

2-38 

2-34 

2-30 

II 

12 

2-39 

2-37 

2-35 

2-32 

2-29 

2-25 

2-41 

2-38 

2-35 

2-31 

2-27 

12 

13 

2-36 

2-34 

2-32 

2-29 

2-26 

2-23 

2-38 

2-35 

2-32 

2-28 

2-24 

13 

14 

2-33 

2-31 

2-29 

2-26 

2-23 

2  -20 

2-35 

2-32 

2-29 

2-25 

2-21 

14 

15 

2-31 

2-29 

2-26 

2-24 

2-21 

2-l8 

2-32 

2-30 

2-26 

2-23 

2-  19 

15 

16 

2-28 

2-26 

2-24 

2-21 

2-19 

2-15 

2-30 

2-27 

2-24 

2-21 

2-17 

16 

18 

2-24 

2-22 

2-20 

2-17 

I -15 

2-II 

2-26 

2-23 

2  -  20 

2-16 

2-13 

18 

20 

2  -20 

2-l8 

2-16 

2-14 

2-  II 

2-08 

2-22 

2-19 

■ 

2 -16 
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Capacity  Suic^:[>tanct  of  Cable,  25  Cycles — coiili titled. 

ior  uirtx'-ph.-'Ac  imgiilar  spacing  use  i=\^(abc). 

I'or  three-phase  regular  flat  spacing  use  5^1-260. 

lor  a  two-phase  hne  the  spacing  is  the  average  distance  between  centres  of  conductors  of  the  bamc  phase 

Sites  for  both  Copper  and  Aluminium  Cables. 
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2 
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APPENDIX. 

=  30-691  +i     100-14 

=  0-00001562        +t         0-0000383 


-f  0-000479 
—  0-003835 
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Summarizing  we  get  : — 
E  =  100,000 


Add 

these 

' together 

to  get 


-335-54    +»      273-6 
I  Z  =26,449    +119280-4375 

IZ[ i-  ..  .j-47- 15880    +i  2-61846 

A  B 

.-.  £5=126,066-301 +j   19,556-65 
-•-  Es=  127,574 
At  no  load  I=o,  therefore  Ejo  wiU  be  the  sum  of  the 
first  two  hues  of  the  above  summary. 

Ao  Bo 

.-.  £50=99.664-46+*  2736 

---  £50=99,665 
Ij  and  Ijo  are  similarly  derived  from  equation  (4). 


^OL.  57. — Supplement. 


118 


YERBL'RY:   THE   EFFECT  OF   AIR   AND   WATER   ON 


THI-:    KFFECT   OF  AIR   AND   WATER   ON   MATERIALS   USED   IN 

ENGINEERING    WORK. 


By  H.  E.  Yerbury,  Member. 

(Paper  rectUed  |6  Dectmbtr,  1918.  and  read  before  the  North  Midland  Centre.  11  March,  1919.) 


Synopsis. 

Constitution  of  air— dry  and  below  dew  point. 

Theories  of  corrosion — chemical  and  electrolytic. 

Eticcts  on  iron  and  steel  and  non-ferrous  alloys. 

Specific  instances  of  damage  to  metals,  etc.,  subjected 
to  air  and  water. 

Preservation  of  cast  and  wrought  iron  and  steel  under 
various  working  conditions. 

Summary  of  conclusions. 

The  effect  of  air  and  water — whether  pure  or  impure 
^-on  engineering  materials  and  structures  is  a  subject 
desers'ing  serious  thought  and  attention,  as  its  influ- 
ence is  well  known  to  ever>'  engineer  engaged  on  con- 
struction and,  more  especially,  on  maintenance  work. 

In  the  majority  of  cases  it  is  detrimental  to  the  useful 
life  of  such  material. 

The  elementar>-  facts  covering  the  constitution  of 
what  might  be  called  ordinary-  atmospheric  air  and 
water  must  first  be  defined,  and  subsequently  their 
observed  effects  noted  on  different  metals  under  various 
working  conditions. 

The  ordinary  atmosphere  contains  one  part  by 
volume  of  oxygen  to  four  parts  of  nitrogen.  Owing 
to  the  greater  solubility  of  o.xygen,  however,  air  dis- 
solved in  water  contains  one  part  of  oxygen  to  less  than 
two  parts  of  nitrogen.  Tliesc  two  gases  have  different 
rates  of  diffusion  and  may  be  partially  separated  by 
their  own  molecular  movements.  Air  also  contains 
hydrogen  and  variable  quantities  of  the  following 
gases  :  aqueous  vapour,  carbon  dioxide,  ammonia, 
nitric  acid,  ozone,  and  argon,  all  mingled  together 
and  not  combined  ;  it  .al.vi  includes  suspended  matter, 
both  liquul  and  sfilid,  and  partly  organic  and  partly 
mineral,  including  s<»djum  chloride  and  sulphates. 
The  quantity  of  moisture  or  aqueous  vapour  in  the 
atmosphere  can  readily  be  measured  by  a  hygrometer. 
If  a  mass  of  air  t>e  cooled  gradually  its  temperature 
will  l>c  lowered  to  a  point  at  which  the  air  will  be 
saturated  by  the  quantity  of  vapour  then  mixed  with 
It.  Tins  t<nii>rratiire  is  called  the  dew  point,  and  the 
air  :  a  conilitirin  in  which  its  effect  on  metals 

is  J  :  :■•*  111'-  liquid  forms  an  electrolyte. 

\\  .sc<l    by    the    very    smallest 

quai.  |;:y.     A  current  of  electricity 

pasAing  through  water  splits  it  up  into  its  constituent 
clement*,  hydrogen  and  oxygen,  and  is  dependent  on 
ions  for  its  transit.  A  current  exerts  a  certain  force 
on  water,  whether  in  the  ionic  state  or  not.  This  action 
is  known  as  elettnial  endosmose.  Hydrogen  is  the  ' 
llglil'  srn,   ;in<l    )•  the   Kfr.it    redlKing   agent.      It 

u   h.    ,  .'.    ordinary   tciiipcratures  but  very  active    | 


at  high  temperatures,  and  reduces  most  metals  because 
it  combines  with  the  oxygen  of  metallic  compounds, 
that  is,  it  removes  oxygen  by  combining  with  it. 
Hydrogen  carries  the  positive  charge  and  oxygen  the 
negative  charge ;  or,  in  other  words,  hydrogen  i» 
electro-positive  to  oxygen. 

Theories  of  Corrosion — Chemical  and 
Electrolytic. 

Rust,  corrosion,  and  oxidation  may  be  said  to  be 
sjTionymous  when  applied  to  metals. 

The  two  principal  theories  of  corrosion  are  the  acid 
and  the  electrolytic.  The  former  is  based  on  three 
factors  which  play  an  important  and  necessary  part, 
and  may  be  briefly  described  as  (i)  an  acid,  (2)  water, 
(3)  oxygen.  The  process  of  rusting  or  corrosion  of 
iron  and  steel  is  always  started  by  an  acid,  and  even 
the  weakest  acid  suffices.  The  acid  changes  the  metal 
to  a  ferrous  salt  and  hydrogen  is  evolved.  Water 
now  acts  upon  the  ferrous  salt  with  the  assistance  of 
o.xygen,  and  causes  the  fcrrite  in  this  salt  to  separate 
out  as  ferric  hydroxide,  thus  liberating  the  same  amount 
of  acid  as  was  used  in  forming  the  ferrous  salt.  A 
cyclical  process  is  established,  and  the  acid  set  free 
again  acts  on  the  metal,  forming  more  ferrous  salt  whiclk 
is  again  decomposed. 

\\'hen  the  acid  solution  is  entirely  neutralized  by, 
say,  an  alkali,  the  process  is  arrested. 

The  author  favours  the  electrolytic  theory  o£ 
corrosion,  which  is  now  almost  universally  accepted, 
and  is  the  most  convincing,  since  its  effects  can  be 
demonstrated.  The  process  is  in  full  accord  with, 
modern  thought  Ixiscd  on  the  fact  that  all  metals  possess 
a  solution  ]ircssiiro  which  may  be  termed  tlieir  escaping 
tendency  to  p;u>s  into  the  dissolved  state.  The  .solution 
pressure  varies  with  the  solvent,  may  be  positive  or 
negative,  and  is  calculable  for  every  solution.  liven 
in  pure  water,  or  under  conditions  where  a  film  of 
water  may  condense  upon  it,  metals  have  a  tendency 
to  pass  into  solution.  I'urc  water  is  seldom  encoun- 
tcreil  in  ordinary  engineering  work,  as  water  usually 
contains  traces  of  salts — aiids  or  bases — with  conse- 
(luontly  a  still  greater  tendemy  lor  the  metals  to  pass 
from  the  atomic  conditiiui  into  the  ionic  condition. 
Ionization  is  the  process  by  which  ions  (particles  charged 
with  electricity)  are  produced,  in  solid,  lujuid,  or  gases. 
The  migration  velocity  of  ions  is  dependent  chiefly 
upon  the  number  of  ions  in  solution.  When  water 
is  an  electrolyte  a  small  pro)virtion  of  its  molecules, 
are  ionized,  yielding  c<|uivalent  amounts  of  hydrogen 
and  hydroxyl  ions  which  take  part  in  the  conductance 
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with  whatever  other  ions  there  may  be  present . 
(H=ions  of  the  acid  ;  hydroxyl  =  ions  of  the  base  ; 
H+OH  =  HiO.)  Hydrogen  bears  a  single  positive 
charge  and  the  hydroxyl  group  an  equal  and  opposite 
negative  charge.  Hydrogen  and  metals  are  capable 
of  forming  or  producing  only  positive  ions,  but 
both  positive  and  negative  must  be  simultaneously 
produced  before  electrical  energy  comes  into  e>dst- 
ence.  The  conductance  of  an  electrolyte  nearly  always 
increases  with  increasing  temperature.  As  hydrogen 
figures  largely  in  the  process  of  rusting  and  general 
corrosion  its  characteristics  should  be  noted.  Atomic 
weights  as  calculated  in  ordinary  chemistry  represent 
the  weight  of  a  molecule  in  terms  of  hydrogen,  which 
is  taken  as  unity.  The  molecule  of  hydrogen  is  com- 
puted to  be  built  up  of  i8  electrons,  and  other  elements 
have  a  greater  number  in  proportion  approximately  to 
their  atomic  weights. 

The  disco\-ery  of  radium  enabled  scientists  to 
arrive  at  the  conclusion  that  the  chemical  elements 
are  composed  of  minor  atoms  which  are  described 
by  the  term  "  electrons."  That  discovery  has  revolu- 
tionized thought  in  many  departments  of  chemistry. 
The  electron  is  considered  to  be  a  unit  of  electricity 
or  a  minute  particle  carr\dng  a  negative  charge,  or 
it  may  be  an  atom  of  ether  carrjdng  a  definite  charge 
of  electricity. 

In  the  presence  of  a  gas,  electrons  become  ions.  An 
electric  current  conducts  electrolytically  by  the  migra- 
tion of  ions.  All  those  elements  which  produce  negative 
ions  act  exclusively  as  oxidizing  agents.  As  metals 
can  only  produce  positive  ions,  followed  by  the  forma- 
tion of  negative  ions  (or  the  disappearance  of  positive 
ions  by  mutual  attraction),  the  metals  themselves  are 
thereby  oxidized. 

In  stud}-ing  the  mechanism  of  corrosion,  the  effect 
of  osmotic  pressure  (or  the  pressure  derived  from  the 
dissolved  particles)  must  be  considered.  Osmotic 
pressure,  just  as  gaseous  pressure,  increases  with  a 
rise  in  temperature,  and  diminishes  with  a  fall  of 
temperature.  This  osmotic  pressure  opposes  the  electro- 
lytic solution  pressure  and  consequently  tends  to  drive 
ions  out  of  the  solution.  These  two  forces  may  be 
determined  from  a  hydro-dTOamic  formula,  or  can 
be  thermo-dynamicaily  equated. 

The  Nemst  formula  is  the  recognized  expression  for 
the  electromoti\"e  force  set  up  and   is  as  follows  : — 

^     RT,       P 

E  =  — =;  log,  - 

11 F  p 

where  R=gas  constant ; 

T  =  absolute  temperature  ; 

M  =  valency  of  the  ion  passing  into  the  solution  ; 

F  =  quantity  of  electricitj^  in  coulombs  ; 

P=solution  pressure  ; 
and      ^=concentration    or    osmotic    pressure    of    the 
solution. 

When  a  substance  of  solution  tension  P  is  converted 
into  ions  of  osmotic  pressure  P,  no  work  is  done  and 
there  is  equihbrium.  By  transferring  the  ions  from 
osmotic  pressure  P  to  osmotic  pressure  p,  work  is 
accomphshed   in  the  same  way  as   can  be  calculated 


from  a  gas   in    passing    from  a  pressure  P  to  a  gas 
pressure  p. 

If  equilibrium  could  be  established  there  would  be 
no  corrosion  ;  but  the  other  ions,  hydrogen  and  hydroxyl, 
and  their  effects  must  be  considered  before  passivity 
takes  place.  Passivity  is  due  to  an  exceedingly  small 
ionization  velocity  of  the  metal.  It  is  of  frequent 
occurrence  wth  iron  and  steel  and  other  metals  in 
alkaU  solutions. 

As  oxidation  signifies  interaction  with  oxygen,  the 
function  of  oxygen  in  the  process  of  rusting  and  corro- 
sion is  to  oxidize  the  layer  of  bj'drogen  on  the  surface 
of  the  metal,  and  also  to  precipitate  the  iron  and  so 
remove  ferrous  ions  from  the  solution.  A  film  of 
hydrogen  gas  offers  a  high  resistance,  the  action  being 
termed  polarization,  and  were  it  not  removed  it  would 
arrest  the  further  solution  of  the  metal,  and  as  the  mass 
of  metal  and  the  solution  are  of  opposite  polarity  the 
solvent  action  would  cease  were  it  not  for  other  factors. 
The  destruction  of  the  hydrogen  film  in  ordinary  corro- 
sion is  accomphshed  by  the  oxygen  of  the  atmosphere 
which  is  dissolved  in  the  water  or  electrolyte,  or  it 
may  be  removed  by  water  in  motion. 

It  follows  that  any  substance  which  dissolves  or 
reacts  with  hydrogen  accelerates  corrosion.  This  is 
found  in  practice  to  be  universally  true. 

Effects   on   Steel  and   Iron   .\xd  Xon- 
FERROus   Alloys. 

The  happy  time  has  not  arrived  when  steel  can  be 
made  from  pure  iron  with  only  the  other  desired  elements 
added.  At  the  moment  it  is  largely  a  matter  of  abstract- 
ing in  the  process  of  manufacture  the  undesirable 
constituents  which  are  unfortunately  ever  present  in 
commercial  steels  used  in  general  engineering. 

It  is  well  known-that  the  useful  Ufe  of  a  metal  varies 
greatly  with  the  composition  of  the  metal.  A  study 
should  therefore  be  made  of  the  conditions  under  which 
steel  and  iron  have  to  be  employed,  before  determining 
the  best  and  most  suitable  composition.  By  its  lack 
of  homogeneity  in  composition  and  structure  the 
average  steel  surface  in  water  as  it  occurs  in  nature 
presents  all  the  conditions  necessary  for  active  electro- 
chemical corrosion.  Iron  and  steel  may  be  regarded 
as  complex  mixtures,  and  the  three  factors  affecting 
their  useful  life  under  the  influence  of  air  and  water 
are  :  chemical  composition,  homogeneity,  and  physical 
conditions. 

Wrought  iron  generally  is  more  resistant  to  corrosion 
than  steel.  It  contains  from  o-o6  to  0-15  per  cent  of 
carbon.  Steel  containing  pearhte  is  very  readily 
attacked  under  the  potential  differences  set  up  by  that 
structural  constituent.  It  provides  cathodes  to  the 
anodes  of  the  ferrite  in  solid  solution.  Non-homogeneity 
of  a  metal  favours  pitting  and  general  corrosion,  as  it 
provides  a  large  number  of  small  anodes  and  cathodes, 
and  therefore  greater  action  than  would  be  the  case 
with  one  large  electrode.  It  lias  been  proved  that 
corrosion  of  steel  in  either  acidulated  or  salt  water 
was  greatest  when  it  contained  the  maximum  percentage 
of  carbon.* 

Pure  carbon  steels  contain  larger  grains  than  alloy 

•  L.  AilcaisoN,  Transadioni  of  the  Faraday  Society.  1915-16,  vol.  11. 
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st^els,  and  as  the  ferrite  (pure  iron)  is  alwa%-s  attacked, 
it  is  assumed  that  the  carbides  (composed  of  carbon 
with  a  metal)  act  as  negative  electrodes  or  cathodes 
to  the  positive  anode  elements.  Iron  and  steel  have 
the  jx>wer  of  occluding  a  considerable  amount  of  gas 
— either  hydrogen,  mlrogen.  or  carlxinic  oxide.  Oxygen 
is  known  to  exist  in  steels,  especially  m  ven,"  low  carbon 
steels,  where  it  combines  with  either  iron  or  carbon 
and  gives  cither  carbonic  oxide  or  ferrous  oxide,  the 
latter  being  dissoluble  in  iron,  and  consequently  being 
\-er\-  thin  slag.  Its  presence  greatly  assists  in  intensi- 
hing  the  rate  of  corrosion  in  any  electrolyte. 

In  addition  to  tlie  chemical  composition  of  steel 
aflecting  its  rate  of  corrosion,  thermal  and  mechanical 
treatment  are  factors  which  cannot  be  ignored. 
AltliDugh  a  particular  class  of  steel  such  as  chromium  is 
almost  immune  from  corrosion,  ordinar\-  commercial 
steels  in  structural  work  are  subjected  to  stresses  where 
bent  and  riveted,  and  anodic  and  cathodic  conditions 
are  set  up.  A  properly  annealed  metal  in  contact 
witli  a  cold-worked  metal  in\-ites  active  galvanic  action 
in  the  presence  of  moisture,  as  the  cold-worked  metal 
contains  a  certain  amount  of  latent  positive  energy- 
ready  to  re-appcar  as  electrical  energy  in  any  electro- 
lyte. Segregated  impurities — particularly  sulphur  in 
steel — play  a  mischievous  part,  especially  in  thin  steel 
pipes.  Although  no  abnormal  impurities  may  exist, 
conditions  arc  set  up  in  the  process  of  riveting  steel 
pipes  which  produce  a  greater  tendency  to  corrosion 
than  with  the  usual  cliilled  surfaces  of  cast-iron 
pipes. 

Grcj'  forge  pig  iron  is  generally  used  for  castings, 
and  this  contains  a  large  amount  of  free  graphitic  carbon 
(alx)ut  2-9  per  cent),  also  siliton  (about  2-3  per  cent), 
and  IS  much  more  susceptible  to  corrosion  and  pitting 
than  what  is  known  as  white  iron,  wh'ch  contains  up 
to  about  o-g  per  cent  of  graphitic  carbon  and  0-4  per 
cent  of  sihcon,  and  is  low  in  phosphorus.  The  com- 
paratively large  quantity  of  graphite  in  grey  iron 
produces  a  good  electrode  to  act  in  opposition  to  the 
ferrito  which  is  near  it ;  whereas  in  white  iron  nearly 
the  whole  of  the  carbon  is  in  the  combined  state. 

It  is  unfortunate  that  there  are  foundry  difticulties 
when  white  iron  is  usc<l.  It  is  also  more  cr>-stalline 
and  bnttlc  and  ililticult  to  macliine. 

In  the  author's  opinion  the  time  is  fast  approaching 
when  engineers  will  specify  the  constituents  of  castings, 
including  pipes,  when  they  arc  to  be  used  in  special 
positions  and  under  conditions  where  salt  or  acidulated 
water  or  other  g(K>d  electrolyte  is  present. 

The  natural  resistance  to  corrosion  by  cast-iron  pipes 
as  Cfimp.ircd  with  wrnuRht-iron  or  steel  pipes  is  due 
'  ■  \tcrnal  and  internal  surfaces 

'  11  change  to  white  iron. 

N'"  arc  buried,  the  nature  of  the  soil  slmuld 

be    '  .iiid     their    useful     life   may    Ik-   extended 

many  years  if  care  is  exercised.  For  instance,  it  is 
well  known  that  where  pipes  are  buried  near  or  on 
••be*,  and  water  i»  present,  active  corrosion  and  pitting 
is    rradily    set    up.     ^'  1.  al    examination    and 

analvitrs  »how  clearly  tl  ,s  ..!  pitting  11  identical 

^  wliirli    Likes   place   il   a   current    of 

•  .1    pi|>c    and    It    allowed    to   flow    to 


earth.  Clayey  character  of  soil  leads  to  an  increased 
retention  of  the  electrolyte,  and  it  is  therefore 
advisable  to  lay  pipes  in  a  layer  of  sand  or  porous 
earth. 

Many  cases  can  be  cited  of  lead  pipes  and  sheeting 
being  destroyed  where  condensation  of  moisture  has 
taken  place,  and  commercial  white  lead  and  the 
higher  oxides  of  red  lead  have  been  formed  beneath 
the  corroded  parts. 

Lead  pipes  should  be  enclosed  in  wooden  casing 
and  not  exposed  to  the  solvent  action  of  hme.  plaster, 
mortar,  or  cement,  as  a  free  alkali,  especially  when 
assisted  by  moisture,  invariably  attacks  lead.  This 
action  is  far  greater  with  lead  when  embedded  in  con- 
crete than  with  any  other  metal.  Lead  is  electro- 
positive to  copper  and  brass,  and  electro-negative  to 
iron  and  steel. 

Some  interesting  cases  of  corrosion  of  cast-iron 
pipes  and  also  lead  sheathing  of  dry-core  cable  have 
been  brought  to  the  author's  notice.  In  a  recent 
instance  a  large  portion  of  the  lead  had  been  destroyed, 
and  pitting  and  general  corrosion  of  the  interior  and 
exterior  of  the  cast-iron  pipe  had  also  taken  place. 
As  this  particular  cable  had  been  damaged  in  a  similar 
manner  near  the  same  place  some  few  years  ago.  an 
analysis  of  the  soil  surrounding  this  pipe  has  recently 
been  made.  It  contained  21-18  per  cent  of  w-ater 
and  the  ash  content  was  about  77  per  cent,  and  the 
sample  showed  the  presence  of  a  strong  ammonia 
compound  in  the  following  amount,  0-0252  per  cent 
as  ammonia,  or  0-0672  per  cent  as  ammonium  carbonate. 
On  heating  there  was  an  objectionable  smell  of  urea, 
and  undoubtedly  urine  has  been  percolating  the  soil 
at  this  place.  When  urine  is  exposed  to  the  air  fer- 
mentation sets  in.  and  the  urea  is  converted  into 
ammonium  carlxinate.  Some  water  had  entered  the 
interior  of  the  pipe,  and  electrolytic  action  had  taken 
place  between  the  cast  iron  and  lead,  and  the  exterior 
of  the  cast-iron  pipe  had  been  attacked  and  FcjG^ 
and  also  Kcj'.l^  had  been  formed.  A  careful  test 
of  the  differences  of  potential  gave  the  following 
readings : 

Lead  to  iron  pipe      . .  . .  . .     6  to  15  millivolts 

Hetwecn  the  tw-o  ends  of  the  lead     100/400  milhvolts. 

sheathing  w-hen  separated, 
Uetween  the  two  ends  of  the  cast-     6a  100     millivolts 
iron  pipe  when  separated,  with        varying 

plus  and  minus 
signs. 
Uetween  two  sound  pipes,  a  steady 
reading  of  2oo;'230  millivolts. 

It  will  be  seen  that  although  a  slight  leakage  current 
IS  indicate<l,  the  voltage  is  no  higher  than  would  be 
expected  where  sell-corn ision  is  taking  place.  These 
pipes  and  cables  h.id  liecn  in  service  19  years.  The 
white  powder  from  the  decomposition  of  the  sheathing 
was  carbonate  of  lead,  resulting  from  slow  oxidation 
and  exposure  to  the  CO,  m  the  air  and  the  liquid  from 
the  soil. 

Lead  being  clectro-neg.itivc  to  iron,  it  w.is  found 
that  a  quantity  of  iron  oxide  had  been  deposited  on  the 
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lead  sheathing,  and  the  oxides  in  the  soil  contained 
iron,  lime,  and  magnesium.  The  general  condition  of 
the  cast  iron  and  lead  was  characteristic  of  slow  elec- 
trolytic action,  which  could  undoubtedly  be  produced 
by  local  action  or  self-corrosion  in  this  strong  electrolyte 
without  any  leakage  current. 

Another  fault  occurred  on  a  204-pair  cable  where 
the  iron  pipe  was  decomposed  and  perforated,  the 
lead  sheathing  being  badly  pitted  and  parts  eaten 
away,  and  the  wet  paper  and  copper  wires  exposed. 
This  action  was  caused  by  a  leaky  steam  pipe  which 
crossed  the  telephone  pipe  at  right  angles,  making 
the  ground  wet  and  hot,  thus  producing  an  electrolyte 
and   vigorous   electro-chemical   activity. 

Self-corrosion  of  iron  pipes  proceeds  rapidly  in  certain 
acid  soils,  and  if  there  is  an  abundant  supply  of  oxygen 
in  the  soil  water  the  tendency  will  be  to  form  fenic 
oxide  and  ferrous  or  black  magnetic  oxide  where  there 
is  a  small  supply  of  oxygen.  The  author  believes  it 
is  impossible  to  tell  with  absolute  certainty  from  the 
examination  of  a  corroded  metal  whether  or  not  the 
corrosion  has  been  caused  by  stray  leakage  currents, 
although  it  must  be  admitted  that  corrosion  in  any 
electrolyte  is  accelerated  where  a  stray  current  exists. 
The  theory  is  submitted  that  moderate  heat  alone 
without  moisture  will  not  disturb  the  equilibrium  of 
metals  and  cause  intra-molecular  and  intra-atomic 
energy  to  be  liberated  with  the  production  of  an  electro- 
motive force.  A  case  in  point  occurred  in  Sheffield 
where  a  102-pair  cable  passed  close  to  some  steel 
furnaces,  the  outer  wall  of  which  bordered  on  the 
footpath.  A  fault  developed  on  this  cable,  and  it  was 
found  that  the  furnace  heat  had  charred  the  paper 
to  a  carbonized  state  without  in  any  way  injuring 
the  sheathing  or  pipe. 

Bronze,  copper,  and  brass,  in  common  with  other 
metals,  pass  into  solution  dependent  on  the  electrolyte. 

It  has  been  noted  by  many  observers  that  corrosion 
of  steel  is  not  accelerated  by  contact  with  other  metals 
or  alloys.  For  instance,  steel  rods  or  shafts  sleeved 
with  bronze  do  not  set  up  serious  electrolytic  action 
even  in  salt  water,  and  bronze  and  brass  nuts  can  be 
easily  screwed  off  steel  bolts,  whereas  under  similar 
corrosive  conditions  a  steel  nut  could  not  be  moved. 

Boilers. — Much  damage  has  been  occasioned  by 
internal  and  external  pitting  and  corrosion  of  all  types 
of  boilers.  Iron  and  steel  subjected  to  tension  or 
uneven  strain  possess  a  greater  solution  pressure  than 
ordinary  iron  and  steel.  The  tendency,  therefore,  is 
for  these  to  corrode  more  easily,  and  electrical  energy 
always  passes  in  such  a  direction  that  the  stressed  or 
unstable  may  pass  into  the  stable  form.  Anneahng 
and  normalizing  are  therefore  always  desirable,  when- 
ever possible,  on  metal  which  has  been  stressed.  As 
may  be  expected,  corrosion  is  often  started  at  the  rivets 
and  joints.  The  breathing  action  on  parts  of  boiler 
drums  sets  up  alternating  stresses,  and  parallel  grooves 
of  corrosion  in  boiler  plates  have  been  traced  to  this 
cause. 

New  steel  plates  are  usually  covered  with  a  thin 
film  of  magnetic  o.xide,  and  when  a  plate  is  stressed 
in  the  bending  process  this  film  cracks,  thereby  exposing 
the    underlying   metal.     In    the   presence   of   water   or 


water  vapour  electrolytic  action  is  often  started  along 
these  lines,  as  this  mill  scale  is  electro-negative  to 
iron  ;  hence  free  metal  dissolves  at  the  anode.  Sheets 
containing  an  excess  of  phosphorus,  or  if  rolled  from 
an  ingot  in  which  piping  or  segregation  has  taken 
place,  have  inherent  defects  which  invariably  manifest 
themseh-es  when  subjected  to  air  and  water. 

Internal  pitting  and  corrosion  in  boilers  and  pipes, 
etc.,  are  largely  due  to  the  presence  of  air  in  the  feed 
water.  The  amount  of  air  present  will  of  course  depend 
on  the  source  of  supply,  and  may  be  from  1-5  to  5  per 
cent  of  the  volume  of  the  water,  the  chief  gases  dissolved 
being  carbon  dio.xide,  oxygen,  and  nitrogen.  Carbon 
dioxide  and  oxygen  expelled  by  boiling  often  set  up  a 
corrosive  action  in  the  tops  of  steam  drums  and  near 
the  water-line. 

In  the  author's  opinion  the  time  is  rapidly  approaching 
when  measures  will  be  taken  to  eliminate  as  far  as 
possible  all  air  from  boiler  feed  water.  It  should  be 
very  thoroughly  removed  from  condensers,  preferably 
by  dry  air  pumps,  and  the  heat  units  from  all  auxiliary 
sources  should  be  utilized  so  as  to  obtain  the  highest 
possible  temperature  of  the  feed  water.  Air  dissolved 
in  water  can  best  be  liberated  by  breaking  the  water 
up  into  as  fine  a  spray  as  possible  at  a  high  temperature 
in  a  vacuum  tank  before  pumping  into  the  boilers. 
The  most  effective  way  of  minimizing  the  quantity  of 
air  in  feed  water  appears  to  be  in  a  closed  system, 
whereby  the  de-aerated  condensate  and  make-up 
water  is  pumped  direct  to  the  boiler  feed-range.  In 
this  system  the  make-up  water  in  a  surge  tank  would 
of  course  be  a  component  part  of  the  closed  system, 
and  if  the  water  were  required  to  be  measured  this 
would  be  done  by  a  Venturi  tube. 

Exterior  corrosion  of  boiler  plates  and  tubes  is 
generally  brought  about  by  the  sulphur  in  the  coal 
forming  sulphur  dioxide,  which  with  the  steam  generated 
from  the  moisture  in  the  coal,  together  with  the  water 
formed  by  the  burning  of  hydrogen,  produces  an 
acidulated  electrolyte.  This,  however,  is  inactive 
unless  the  temperature  of  the  boiler  is  sufficiently  low 
for  moisture  to  be  deposited.  It  may  therefore  be 
said  that  the  action  of  pitting  and  corrosion  is  greater 
in  a  boiler  which  is  warm  than  when  the  boiler  is  steaming 
at  full  capacity.  Careful  and  systematic  tests  should 
be  regularly  made  to  ascertain  if  there  are  any  leaky 
condensers,  as  many  boiler  troubles  have  been  traced 
to  that  source.  The  simplest  test  is  the  electrical 
conductivity  one,  as  the  conductivity  is  proportional 
to  the  percentage  amount  of  the  substance  dissolved 
in  the  water.  Owing  to  the  conductivity  increasing 
with  a  rise  in  temperature,  corrections  for  temperature 
should  be  made. 

Tanks,  etc. — Hot  water  feed-tanks — especially  where 
exhaust  steam  is  discharged  and  air  liberated — are 
very  susceptible  to  corrosion,  and  hard,  close-grain 
cast  iron  is  recommended  for  tanks  in  preference  to 
steel  plates.  Steel  stays  are  often  attacked,  and  stays 
and  bolts  made  of  Low  Moor  iron  are  generally  free 
from  corrosion.  The  quahty  of  bolts  and  nuts  used 
in  places  and  under  conditions  where  corrosion  may 
be  expected  is  a  matter  of  primary  importance,  since 
many  instances  may  be  cited  where  steam-pipe  joints 


1-22 


YERBrRY:   THE    EFFECT  OF   AIR   AND   WATER   OX 


have  given  way.  and  it  has  been  found  that  the  bolts 
hive  been  severely  corroded,  the  electrolyte  being 
<  ■  '      n  leaky  jointing  material.     Rustless 

»,•  I   f.>r  steam  relay  and  double-beat 

vdJvc  sjiiiiUlf?  "n  of  motion  is  often  retarded 

by  the  film  ol  .ich  soon  covers  spindles  made 

of  ordinary-  steel. 

Wliere  expansion  joints  or  bellows  pieces  for  water 
pipes  have  been  made  of  inm  or  steel  riveted  together 
and  galvanized,  a  verj*  short  life  has  resulted.  Gal\"an- 
i/inp,  so  called,  is  really  dipping,  and  there  is  no  galvanic 
3' tiiin  or  deposition.  Zinc  often  contains  antimony, 
ar-^-nic,  and  iron,  and  although  iron  is  preserved  so 
1  •   zinc  is  intact,  whenever  the  zinc  is  dissolved 

(  .   by   expansion,   or  worn  by   the   friction  of 

w.^tcr.  It  becomes  more  electro-negative  in  character 
and  corrosion  is  accelerated,  especially  on  tlie  strained 
portions  around  the  rivets.  Copper  is  recommended 
for  expansion  pieces,  as  its  solution  pressure  is  com- 
paratively low. 

Rotary  pumps. — Much  trouble  and  exptense  has  been 
occasioned  by  the  failure  of  rotan,-  pumps,  and  in  the 
author's  experience  impellers  have  had  to  be  renewed 
after  about   12  montlis'  working. 

Tlie  principal  trouble  has  been  caused  by  pitting, 
corrosion,  and  cavitation,  with  the  result  that  the 
efficiency  lias  been  impaired  and  impellers  and  shafts 
have  often  been  ruined  in  from  one  to  two  years  when 
working  with  ri\-er  water,  and  also  when  dealing  with 
condensate  containing  air  from  surface  condensers, 
nil  ire  especially  where  pumps  are  running  at  a  high 
s;>('-<l. 

Much  trouble  can  undoubtedly  be  attributed  to  bad 

dt-si^n.     Special    attention    should    be    given    to    the 

dt-5ign  of  the  casing  and  the  impeller  of  a  rotar\'  pump, 

also  the  discharge  passages  or  ports   from   the  pump 

to  the  pipe  hne.     Casings  should  be  constructed  of  a 

volute  form,  and  there  should  be  no  break  in  the  change 

'-  ~  velocity  to  pressure.     CaN-itation  is  often  brought 

•.  by  a  bad  design  of  vcjlute,  forming  pockets  for 

•ion  of  water  vapour  and  gases  liberated  from 

und'-r  a  variniTn 

111  in    (especially  on 

cast-;  .trv  and  discharge 

I>>r;s  and  gin '.  ■>,  cavitation  may  be  produced 

by  a  purely  11.     li  action,  caused  by  the  kinetic 

cneri^y  of  the  molecules  of  water.  In  this  case  the 
( ryst.ils  thctnsclvcs  would  he  broken  up,  whereas  or- 
<l;:i.irv   corrosi'iTi    invariablv   takes  place  along  crj'stal 


1 


s  II      til' 

ri(J  up  of 

1    l>c   encawMl 
to  prevent  .   . 
,    an    hi 


>l   pump   docs  nfit   permit 

.Tii'l  .^ll  piirts  and  passages 

re  miiiimi/ed 

steel    shafts 

a    brass    or    bronze    watertight 

I'ln  in  ordinary  river  circulating- 

fitecl    tends    to    corrode    more 


:eel   containing 


I4    to    15    per 

from  corrosion 

•   te<it  of  Irom 

'ion, 

.      1  in 


the  near   future 


The  hub  or  boss  of  cast-iron  pump  impellers  is  often 
attacked  by  general  corrosion  and  pitting,  and  in  the 
author's  experience  this  destructive  action  has  been 
so  great  during  12  to  i8  montlis  that  hubs  have  been 
eaten  into  and  the  shaft  attacked  to  such  an  extent 
that  it  has  been  almost  impossible  to  drive  oil  tlie 
impeller  due  to  the  volume  of  rust. 

The  action  on  other  p\imp  parts  has  been  such  that 
nearly  all  the  ferrite  has  passed  into  solution,  and  the 
remaining  so-called  iron  could  easily  be  cut  with  a 
knife. 

Impurities  in  cast  metal  are  greatest  where  the  last 
portion  cools,  and  there  the  percentage  of  phosphorus 
is  invariably  high.  This  facilitates  the  separation  of 
graphite,  opens  the  grain,  and  provides  many  anodes 
and  cathodes  for  local  action  to  be  set  up.  For  the 
minimizing  of  corrosion,  cast  iron  should  be  low  in 
silicon  and  phosphorus  and  high  in  combined  carbon, 
which  closes  the  grain  and  hardens  the  iron. 

Suction  pipes  should  contain  no  air  pockets,  and 
the  pump-suction  lift  should  be  as  little  as  possible  to 
obviate  air  leakage.  In  this  connection  drowned 
pumps  are  often  preferred,  although  inspection  is 
naturally  more  difficult. 

Special  attention  should  also  be  given  to  the  design 
and  maintenance  of  glands,  as,  from  the  design  of 
some  pumps,  air  naturally  enters  whenever  the  glands 
are  not  tight,  or  through  imperfect  water-scaling. 
The  capacity  of  pumps  is  thereby  reduced  and  there 
is  also  a  greater  tendency  to  corrosion.  It  has  also 
been  found  that  circulating  water  when  broken  up  in 
cooling  towers  has  absorbed  sulphur  dioxide,  chlorine, 
and  ammonia  from  the  atmosphere,  and  other  soluble 
and  insoluble  substances  in  rain  water,  all  tending  to 
intensifv  the  rate  of  corrosion,  wliich  is  accelerated 
when  the  water  is  ven,"  hot. 

The  inlet  river  water  should  be  admitted  where 
it  thoroughly  mixes  with  the  cooUng-tower  discharge 
water,  so  as  to  neutralize  any  concentrated  acidity 
or  impurity  which  might  be  brought  about  by  the 
continual  circulation  of  cooling-tower  water  only. 

High-tensile  bronze  is  recommendc<l  for  impellers 
and  pump  shafts  where  the  water  is  of  a  particularly 
corrosive  nature. 

Condenser  tubrs. — Considerable  trouble  has  been  occa- 
sioned on  land  and  sea  by  corrosion  and  pitting  of 
condenser  tubes.  Apart  from  the  usual  pitting  which 
often  takes  place  from  the  inside  of  tubes  by  the  action 
of  water,  etc.,  the  author  has  recently  investigated 
somewhat  unusual  cases  ol  corrosion  and  pitting  which 
h.jve  only  taken  place  on  that  part  <>(  the  tube  over 
which  the  packing  or  grummet  is  hlted  and  rctiiincd 
by  Ihc  ferrule. 

This    partirular    form    of    corrosion    is    starti-Hl    and 

continued   from   the  outside  surface  of  the  tube   until 

it  is  perforated,   whereas  in   the  majority  of  cases  all 

1   pitting  has  starte<l  from  tlie  inside,  and  is  fairly  general 

I   over  the  entire  surface  cxpo9e<l  to  the  circulating  water. 

I    It  was  noted  that  exterior  corrosion  and  jutting  occurred 

1   only   on   the  in-llow   ends  ol    the  condensers,   that   is, 

[    where   the   water   is   hrst    broken    up   on    entering    the 

tul»c»,  anil  also  wliere  the  direction  is  reversed  at  the 

other  in-llow  end  ol  the  condensers 
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On   taking   an   analysis   of  the   cotton-tape  packing 
after  nine  j-ears'  serx-ice  it  weis  found  to  contain  : — 


Carbonaceous  matter  86-85 

Ferric  oxide . .    •      . .  11-2 

Zinc  oxide    ..  ..  1-13 

..  0-82 


5  per  cent 


Copper  oxide 


The  tubes  were  of  standard  brass  of  the  usual  70 :  30 
mixture,  the  actual  analysis  being  : — 


Copper 

•    6975  per  cent 

Iron  . . 

.      0-17 

Lead 

.      0-6 

Tin    .. 

.     None 

Zinc  (difference^ 

.    29-28 

It  will  be  observed  from  the  analysis  of  the  packing 
that  the  water  must  have  been  heavily  laden  with  iron 
•oxide,  and  it  appears  that  some  of  the  circulating  water 
had  penetrated  down  the  sides  of  the  screwed  ferrules 
and  underneath  the  packing,  the  latter  acting  as  a 
filtering  and  retaining  medium.  It  \\-ill  also  be  seen 
that  zinc  and  copper  had  passed  into  solution. 

It  is  significant  that  on  other  condensers  working 
«nder  the  same  conditions  no  electrol}i:ic  action  had 
taken  place,  the  only  difference  being  in  the  composition 
of  the  tubes,  which  were  of  Admiraltj'  tube  mixture, 
viz.  70  :  29  :  i. 

The  author  believes  that  a  more  perfect  amalgam  cr 
alloy  is  obtained  if  tin  is  present,  and  although  tin  wiU 
■dissolve  in  water  the  action  is  much  smaller  than  on 
zinc,  lead,  or  copper. 

Brass  tubes  tinned  inside  and  outside  are  protected 
to  a  Umited  extent  botli  mechanically  and  electrolyticaUy, 
and'have  therefore  a  longer  life. 

In  the  case  under  re\-iew  it  appears  that  the  oxide 
of  iron  in  the  circulating  water  had  been  deposited 
and  retained  in  tlie  absorbent  packing. 

Precipitated  oxide  of  iron  is  a  good  carrier  of  ox%-gen, 
and  this  gas  would  probably  be  absorbed  when  the 
water  was  broken  up  and  air  hberated  on  its  entry 
into  the  tube  ends.  Conditions,  therefore,  were  such 
that  wherever  the  packing  allowed  oxide  of  iron,  air, 
and  possibly  slightly  acidulated  water  to  be  retained, 
all  elements  were  present  for  galvanic  action  to  be 
set  up.  Care  should  therefore  be  given  to  the  size  of 
the  hole  in  the  tube  plate  and  to  the  fit  of  the  tube  and 
ferrule,  so  that  the  packing  may  be  kept  as  watertight 
as  possible.  A  somewhat  analogous  case  may  be  cited 
on,  say,  cast-iron  pipes,  where  a  speck  of  rust  or  nodule 
has  been  formed  and  the  electrolytic  action  would 
increase  and  be  aided  b}^  the  increasing  bulk  of  rust 
which  helps  to  retain  the  electrolj-te,  thus  creating  with 
the  iron  a  galvanic  couple. 

If  a  piece  of  zinc  and  a  piece  of  brass  are  inserted 
in  distilled  water  i  inch  apart  an  exceedingly  small 
<iifference  of  potential  is  set  up.  In  drinking  water 
from  a  tap  about  2-5  miUivolts  would  be  generated, 
and  in  river  and  other  circulating  water  the  voltage 
would  be  from  20  miUivolts  up  to  o-SS  volt  with 
rise  of  temperature.  It  therefore  follows  that  great 
care  and  attention  should  be  given  to  the  composition 
of  all  metals  where  these  are  used  in  water  at  a  high 


temperature,  as  this  galvanic  action  is  intensified 
approximately  100  per  cent  for  every  10  degrees  C. 
rise  in  temperature,  the  detrimental  effect  var3'ing 
where  the  electrolyte  is  stationar\'  or  in  motion. 

A  special  Corrosion  Committee  is  now  investigating 
the  cause  of  condenser-tube  troubles,  and  the  result 
of  their  researches  wUl  doubtless  be  made  pubUc  in 
due  course.  Suffice  it  to  say  at  the  moment  that  the 
theorj-  favoured  is  the  electrol^-tic  one,  as  it  has  been 
demonstrated  that  where  an  extraneous  current  has 
been  apphed  such  as  in  the  Cumberland  process,  thereby 
making  all  tubes  cathodic,  the  trouble  has  been  mini- 
mized if  not  entirely  prevented.  A  current  density 
of  about  o-i  ampere  per  square  foot  of  surface  is  recom- 
mended for  this  process. 

Turbo-getier.Uors. — Ihe  effect  of  moisture  on  elec- 
trical generators  due  to  the  appUcation  of  wet-air 
filters  has  often  caused  trouble.  It  has  been  found 
that,  partly  owing  to  the  fluctuating  load  on  a  generator, 
the  temperature  of  the  machine  has  varied  so  that 
when  the  machine  is  lightly  loaded  the  temperature 
rise  has  been  insufficient  to  dry  the  moist  air  from  the 
filter,  with  the  result  that  the  insulation  resistance 
has  been  reduced  to  a  dangerous  extent. 

On  the  other  hand,  if  the  temperature  is  high,  aU 
moisture  is  quicklj-  evaporated  and  undesirable  salts 
are  deposited  on  the  windings,  thus  pro\'iding  a  path 
for  leakage  on  extra-high-tension  machines. 

It  appears  that  in  order  safely  to  withstand  saturated 
air,  generators  should  be  impregnated  under  vacuum 
with  an  insulating  varnish.  By  this  process,  with 
proper  insulating  materials,  the  general  insulation 
resistance  should  be  high  enough  to  withstand  satis- 
factorily the  cumulative  effect  of  a  wet-air  filter. 

On  extra-high-tension  machines  it  is  now  deemed 
ad\-isable  to  discard  metal  packing  pieces,  owing  to 
their  oxidizing  tendencies  and  conductivit5%  and  to 
revert  to  wood  or  moulded  insulating  compounds. 

Economizer  pipes  and  boxes. — With  water  below 
100°  F.,  corrosion  is  often  set  up  on  the  outside  of 
economizer  tubes,  whether  of  cast  iron  or  steel,  due  to 
condensation  of  moisture  from  the  passing  gases.  This 
moisture  is  an  exceedingh-  good  electrolyte,  as  it  invari- 
ably contains  sulphuric  acid,  derived  originally  from 
the  sulphur  in  the  coal  forming  sulphur  dioxide  during 
the  process  of  combustion  and  combining  with  the 
vapour  present.  Unless  the  feed  water  is  heated,  at 
least  one-sixth  of  the  tubes  are  often  corroded  to  about 
18  inches  from  the  bottom  boxes,  and  the  boxes  also 
suffer  badly.  As  metals  cannot  corrode  or  pass  into 
solution  without  moisture,  the  obvious  way  to  prevent 
external  corrosion  is  to  raise  the  temperature  of  the 
water  by  means  of  feed  heaters  or  circulators  fitted 
to  the  economizers,  so  that  hot  water  is  made  to  circulate 
from  the  lowest  parts.  In  other  words,  to  prevent  the 
formation  of  moisture,  or  where  water  is  objectionable, 
measures  should  be  taken  to  avoid  a  sudden  reduction 
in  the  temperature  of  the  air  or  gases.  It  may  be  said 
that,  with  water  at  a  temperature  of  110°  F.  and 
upwards,  no  trouble  need  be  anticipated,  assuming 
that  the  boxes  and  pipes  are  good  castings  and  no 
sweating  is  taking  place,  ^^'here  internal  corrosion  is 
found,  an  analysis  of  the  feed  water  is    required  with 
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suitable  chemical  treatment.  Cast-iron  economirers 
aboulil  be  made  of  metal  having  the  lowest  possible 
percentage  of  free  graphitic  carbon. 

Turbine  llaHes. — Much  research  work  is  still  being 
done  in  order  to  produce  a  metal  which  will  withstand 
the  stresses  to  which  turbine  blades  arc  subject,  and 
to  be  entirely  immune  from  corrosion. 

In  the  earh  days  of  turbine  manufacture  steel  blades 
were  found  to  be  pitted  and  corrtxlcd  badly,  especially 
when  a  turbine  was  frequently  stopped  and  startc<j 
again  after  a  lengthy  period.  It  has  also  been  found 
that  where  leakage  of  steam  has  taken  place  at  a  closed 
stofj-x-alve,  thereby  allowing  moisture  to  condense  on 
the  blading,  electrolytic  action  is  set  up.  resulting  in 
blade  erosion  and  loss  in  efficiency.  Cases  are  on 
rcv'TJ  where  certain  rows  of  blaiiing  have  corroded 
whore  the  steam  temperature  has  dropf)ed  below  dew 
I  only  at  this  stage  in  the  length  of  a   turbine 

h e  been  done. 

Corrosion  of  turbine  blades  has  also  been  traced  to 
carbon  dioxide  in  the  steam  derived  from  unsuitable 
feed  water,  tlie  remedy  for  such  action  being  the 
elimination  of  the  carbonates  from  the  feed  water  by 
chemical  treatment.  It  is  unfortunate  that  some 
chromium  rustless  steels  have  phvsicaJ  properties 
unsuitable  for  turbine-blade  stresses ;  non-ferrous 
alloys  are  therefore  frequently  used.  It  should  be 
noted  that  no  corrosion  can  take  place  with  any  metal 
in  a  dr\'  state,  so  that  by  the  entire  elimination  of 
moisture  the  primarj'  medium  for  corrosive  action  is 
non-existent.  It  has  been  found  that  water  will  dis- 
solve a  greater  number  of  metals  than  any  other  liquid, 
and  metallurgists  are  now  engaged  in  research  work 
evolving  alloys  of  the  lowest  possible  solution  pressures, 
and  with  physical  properties  suitable  for  the  work 
such  metals  have  to  withstand. 

Injury  to  non-ferrous  tnetah,  etc. — The  presence  of 
vap<jur  or  water  deposited  on  brass  and  other  alloys 
often  causes  verdigris,  which  is  the  result  of  the  metal 
pa-ssing  into  solution.  These  solution  pressures  van,' 
Rrcally  with  the  composition  and  state  of  the  metai. 
Where  it  has  been  strained,  say,  in  the  process  of  bending, 
the  corrosive  effett  is  intensified. 

Sharp  ripht  .-inplrs  should  always  be  avoided  and 
easy  >  '.ed.     Much  damage  lias  been  done 

to  ex;  ,1  electrical  machines  and  apparatus 

where  silent  static  disch-irgcs  or  sparking  lias  taken 
place,  nitnius  cixide  and  ozone  being  formed,  and  in 
the  presence  of  moisture  corrosion  has  started,  with 
serious  results.  Ozone  is  a  very  great  oxidizing  agent 
and  most  metals  are  quickly  attacked  by  it. 

If  an  cl'    •        '    '  .mnot  be  prevented,  care 

should  Ijc  •  i.it  moisture  and  conden- 

»''  •    parts. 

much  trouble  lias  resulted 
*'  on    cold    pfircclain    insiilaturs 

*■'■  ;>.    causing    senous    oxidation, 

•"«h    I  ,    and    eventually   o\yen   circuits.     It    is 

"'■*  .  I,,,...,.,)    that    all    cxtra-high-tcnsion 

*'  rv    switch    an<l    fuse    contacts 

*''■'■;   ' '   '"'i.   n   ]"i«til>lc,  in  oil. 

Die  qii.ilitv  of  the  uit  it  of  supreme  importance, 
and  It  tiiould  be  lrc«  from  every  trace  of  water  and  atid. 


Many  animal  and  vegetable  oils  and  compounded 
oils  axe  corrosive,  and  many  instances  are  on  record 
I  of  journals  and  brasses  being  badly  pitted,  due  to  the 
i  presence  of  acid  in  the  lubricating  oil.  Acids  are  also 
formed  by  saponitiable  oils  which  exert  a  corrosive 
action  on  brasses,  producing  de-zincification.  Mineral 
oils  are  not  saponified  by  steam  and,  if  pure,  have  no 
corrosive  action. 

Zinc  having  high  electro-positive  characteristics, 
and  lead  also  being  electro-positive  to  copper  and  brass, 
the  author  thinks  that  as  alloys  of  copper  and  tin  only 
— in  the  proportion  of  91  per  cent  of  copper  and 
9  per  cent  of  tin — are  now  made  (Morrison  bronze), 
and  tests  up  to  about  45-7  tons  per  square  inch  can  be 
obtained  with  zi  per  cent  elongation  on  rolled  rods,  zinc 
will  be  looked  upon  with  suspicion  and  disfavour  in 
many  cases.  Tests  on  the  corrodibihty  of  standard 
gunmetal  compared  with  the  above  mixture  show 
that  in  a  saturated  salt  solution  .Admiralty  gunmetal 
will  pass  into  solution  more  readily  than  an  aJloy 
containing  no  zinc,  and  as  it  appears  that  zinc  is  an 
unstable  metal  better  results  can  often  be  obtained 
with  mixtures  containing  no  spelter. 

The  destruction  of  galvanized  iron  is  brought  about 
by  the  zinc  being  dissolved  by  moisture.  This  action 
;  is  more  easily  accomphshed  on  commercial  zinc  than 
on  pure  zinc.  In  a  dry  state,  zinc,  being  electro- 
positive to  iron,  preserves  the  iron  in  a  perfect  condition 
through  its  impermeabilIt^^  and  only  when  an  electrolyte 
such  as  rain  water  is  present  is  electrolysis  set  up, 
the  zinc  destroyed,  and  the  underlying  metal  attacked. 
I  Protection  of  outside  structures. — In  the  author's 
opinion  sufficient  study  has  not  been  given  by  engineers 
in  the  past  to  preservatives  and  protective  coatings 
for  iron  and  steel.  It  is  a  platitude  to  say  that,  w^iere 
service  conditions  are  abnormal,  more  care  is  re<|uired 
in  specifving  the  quality  of  paint  tlian  would  be  neces- 
sary for  normal  conditions.  Speaking  generally,  paint 
should  be  totally  inhibitive  as  well  as  protective,  and 
should  possess  tliorough  insulating  and  moist-proof 
properties. 

The  coating  should  have  the  same  coefficient  of 
expansion  as  the  metal,  so  that  it  will  not  be  affected 
by  changes  of  temperature.  It  should  also  possess 
acid-resisting  as  well  as  alkali-resisting  qualities. 

Certain  inaccessible  parts  of  steel  structures  under 
special  conditions  should  lie  painted  with  an  elastic 
medium  which  at  all  times  retains  its  elasticity- 
It  is  considerc<l  preferable  to  have  a  chemical  com- 
bination and  affinity  of  the  pigment  and  vehicle,  and 
not  a  mechanical  mixture  only,  although  graphite  is 
still  largely  used  fur  coating  steelwurk,  and  is  fairly 
satisfactory  especially  when  lead  is  added  to  the  pigment 
to  give  it  a  better  hold  on  the  nicLal.  All  graphite 
paints  arc  mechanically  niixc<l,  and  graphite  being 
inert  has  no  action  upon  the  oil,  a  chemical  combination 
being  therefore  impissible. 

Linscc<l  oil  is  the  principal  vehicle  used  in  all  paints, 
but  different  pigments  produce  different  results.  Lin- 
•ce<l  oil  absorbs  oxygen  from  the  air,  and  thereby  its 
Volume  is  incrcas«Ml  ami  also  its  weight,  a  substance 
known  as  linoxyn  bring  lortncd,  which  on  coiitmucd 
oxidation    evolves    iarU>n    dioxide    and    water.     Thia 
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electrolj-te  furnishes  a  medium  for  electrolysis  to  be 
set  up  between  the  metal  and  the  pigment,  the  former 
being  the  anode  and  the  latter  the  cathode.  Expansion 
caused  by  rust  exposes  the  metal  surfaces  underneath, 
and  in  the  presence  of  water  vapour  further  corrosion 
takes  place. 

Special  paints  are  now  on  the  market  which  have 
been  subjected  to  a  curing  process  by  heat  treatment 
in  the  absence  of  air.  All  volatile  substances  are  there- 
by eliminated,  so  that  when  the  coating  is  applied  it 
oxidizes  and  does  not  evaporate,  thus  producing  a 
film  imper\aous  to  moisture,  and  the  permeability  of 
linox}Ti  is  thereby  reduced.  All  moisture,  resin,  sulphur, 
and  any  other  element  that  would  excite  corrosion 
should  be  eliminated.  Certain  paints  containing 
dryers,  benzine,  or  neutral  oils,  have  a  tendency  when 
dry  to  dissociate  and  break  the  bond  between  the  pig- 
ment and  the  vehicle,  and  thereby  become  pervious 
to  moisture.  Good  results  depend  on  the  proper  mixing 
before  immediate  application.  Red-lead  paint  chemi- 
cally combined  so  as  to  prevent  the  red  lead  from 
separating  and  settHng*  to  the  bottom  forms  a  good 
material,  especially  for  shop  coatings. 

The  colour  of  the  pigment  also  affects  the  results, 
and  dark  colours  are  recommended  for  the  protection 
of  iron  or  steel. 

It  is  most  important  that  steel  and  iron  surfaces 
should  be  thoroughlv  dry  and  cleaned  from  mill  scale, 
rust,  grease,  and  dirt,  before  applying  the  first  coat 
of  paint,  which  should  consist  of  finely-ground  pigment. 

Multiple  thin  coats  of  paint  are  recommended  in 
preference  to  thick  single  coats  for  general  protective 
purposes. 

The  most  onerous  conditions  for  preservative  com- 
pounds are  where  the  metal  is  alternately  wet  and  dry. 
Tar  and  various  bitumastic  paints  and  solutions  are 
found  to  give  good  results,  have  low  permeability  to 
oxygen  and  water  vapour,  and  will  withstand  fairly 
high  temperatures. 

Salt  is  a  powerful  factor  in  liberating  oxygen  from 
moisture  in  contact  with  metal.  Structures  exposed 
to  salt  water  are  particularly  liable  to  injury  unless 
the  metal  is  kept  perfectly  dry,  salt  being  a  compound 
of  two  elements,  sodium  and  chlorine,  the  latter 
ha\'ing  a  great  tendency  to  yield  ions  and  force  the 
metal  to  act  in  the  same  manner. 

In  reinforced  concrete  the  cement  should  be  abso- 
lutely waterproof,  and  the  steel  will  then  remain  in 
a  passive  condition,  due  largely  to  the  alkaline  com- 
pounds. If  concrete  is  not  waterproof,  electrolytic 
action  will  be  started,  with  the  inevitable  result  that 
there  will  be  stresses  in  the  concrete  due  to  the  products 
of  corrosion  and  the  bond  will  be  destroyed  between 
the  re-inforcing  metal  and  the  concrete. 

With  suitable  concrete  of  i|  inches  in  thickness 
surrounding  the  reinforcements  for  ordinary  atmo- 
spheric conditions,  and  2  inches  for  salt-water  conditions, 
no  injury  can  take  place. 

Summary  of  Conclusions. 

The  electrolytic  theory  is  not  put  forward  as  a 
"  crj'stalhzed  dogma, "  but  rather  as  a  working  hypothesis 
or  assumption  of  some  general  uniformity,  with  a  view 


to  testing  its  truth  by  experiment  and  experience. 
Modem  thought  points  to  the  idea  that  the  dominating 
energy  is  motion,  generally  regarded  to  be  electronic. 
Metals  should  be  considered  to  be  matter  in  motion  ; 
and  the  active  or  passive  state,  determining  their  life, 
is  dependent  on  conditions.  Electrical  changes  lie 
at  the  basis  of  chemical  actions,  and  chemical  action 
cannot  take  place  without  the  presence  of  an  electrolyte. 
There  is  no  absolutely  perfect  non-electrol5i:e.  Water, 
usually  containing  air  in  suspension  or  solution,  has. 
the  propertv  of  dissolving  all  nietals  used  in  engineering 
work.  The  author  submits  that  the  conditions  under 
which  the  respective  metals  are  to  be  used  should  be 
carefully  studied,  as  their  useful  life  depends  on  many- 
factors.  Such  general  terms  as  "  cast  iron  "  and 
"  m.ild  steel  "  convey  little  meaning  to  some  manufac- 
turers and  u.sers,  and  a  specification  of  their  compositions 
should  accompany  an  inquiry,  more  especially  where 
the  working  conditions  are  abnormal.  Cast  iron  and 
mild  steel  pipes  figure  largely  in  engineering,  and  as  the 
corrosion  of  the  former  varies  a  great  deal  with  the 
composition,  and  the  life  of  the  latter  depends  princi- 
pally on  the  protective  coating,  these  factors  should 
not  be  disregarded.  Where  pipes  are  buried  and  not 
surrounded  by  concrete  the  nature  of  the  soil  should 
be  studied,  as  this  is  of  the  utmost  importance,  certain 
salts  and  acids  being  aids  to  o.xidation,  while  certain 
alkahes  retard  such  action.  Exterior  corrosion  and 
solvent  action  of  water  on  lead  pipes  may  be  due  to- 
salts  in  the  soil,  or  the  action  of  organic  acids  in  the 
water  flowing  in  the  pipes.  The  elimination  of  atmo- 
spheric air  or  gases  is  a  problem  always  present,  and 
the  detrimental  effect  of  air  on  working  plant  and 
metals  is  now  generally  recognized,  dissolved  oxygen 
and  carbon  dioxide  being  particularly  destructive. 
The  author  believes  that  no  up-to-date  electrical  gene- 
rating plant  will  be  considered  complete  unless  methods 
and  devices  are  installed  for  de-aerating  boiler  feed 
water,  at  the  same  time  making  the  utmost  use  of  all 
available  heat  units.  It  is  believed  that  the  majority 
of  troubles  in  boilers  and  hot-water  pipes  are  due  to 
the  presence  of  air,  and  that  it  de-aerated  condensed 
and  make-up  water  be  used  in  a  closed  system,  greater 
boiler  output  and  efficiency  and  longer  useful  life, 
with  less  maintenance  costs,  will  be  attained. 

Commercial  metals  are  impure,  and  the  greater  the 
impurity  the  greater  is  the  tendency  for  them  to  dissolve 
and  decompose.  For  instance,  pure  electrolytic  iron 
has  a  remarkable  immunity  from  rust,  and  pure  zinc 
does  not  pass  quickly  into  solution  like  commercial 
zinc.  When  one  realizes  that  there  are  now  about 
20  elements  added  in  steel  making,  it  is  obvious  that 
corrodibility  must  vary  with  composition.  A  vast 
field  for  experimental  research  is  therefore  open  to 
metallurgists,  embracing  such  matters  as  the  presence 
and  effect  of  galvanic  couples  formed  by  crystalline 
arrangements  of  positive  and  negative  constituents, 
and  their  respecti\e  solution  tendencies  and  pressures, 
and  the  all-important  effect  of  heat  treatment  to 
minimize  or  neutralize  internal  stresses,  which  are 
always  potential  and  often  active  sources  of  trouble 
in  materials  used  for  engineering  work. 

Rolled  metal  is  usuallv  of  a  more  stable  character 
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than  cast  metal,  and  the  skin  is  more  resistant  than 
the  interior.     It  has  often  been  observed  that,  where 
ha<!   been    m.ichined   or   diilled.    the   ncwly- 
<  n'tal  has  been  the  nr«t  t"  Iv  attacked,  being 

'  -n  difiorently 

■  s    the    worst 
■    for  any   metaJ,   especially   where   it   cannot 
i      .  ".cd,  such  as  rails  in  tunnels.     In  such  cases 

it  is  the  prox-incc  of  the  metallurgist  to  furnish  steel 
which  from  iu  composition  and  heat  treatment  will 
have  the  lowest  possible  solution  pressure.  Oxidation 
of  metals  is  often  etlected  by  the  humid  seepage  from 
the  pores  of  the  human  and  animal  system,  this 
Ix-inc  particularly  corrosive  in  nature.  In  delicate 
m'-tal  wrk.  corrosion  has  been  prevented  simply  by 
the    \  le    wearing    gloves,    and    this    safeguard 

has  !•  ;  Icred  to  be  essential  in  certain  work  of 

national  importance  during  the  war. 

In  conclusion,  it  may  be  said  that  all  metals  used 
in  engineering  work,  notwithstanding  their  varied 
composition,  are  immune  from  rust  and  oxidation  if 
kept  perfectly  dry  ;  and  where  those  conditions  arc 
!•  '  ■  the  characteristics  of  the  electrolyte  sliould 

i  . .  as  well  as  the  chemical  and  physical  properties 

«j(  ihc  metals,  with  the  object  of  increasing  the  useful 
life  and  maintaining  the  highest  possible  efficiency. 


APPENDIX. 

Slide  I  sho«-s  decomposition  of  cast-iron  pipes  and 
lead   sheathing  of  telegraph  cables. 

Slide  2  sliows  effect  of  leakage  current  of  0-4  ampere 
{or  six  years  on  iron  tubing  at  base  of  tramwav  pole  ; 
also  samples  of  corroded  iron  and  steel  tubing  with  no 
leakage  current. 

Slide  3  shows  a  pitted  cast-iron  pipe  without  general 
corrosion,  wliich  was  buried  in  soil  largely  composed 
of  ashes,   and   was   replaced   after  two   years'  scr\-ice. 

Slide  4  shows  cast-iron  impellers  of  centrifugal  pumps 
corroded  in  one  to  two  years  by  the  action  of  ri\er 
water. 

Slide  5  shows  corroded  cast-iron  impeller  running 
in  condensate  from  condenser. 

Slide  6  shows  samples  of  corrosion  on  lead  pipes 
which   had   been   buried   about   two   years. 

Slide  7  shows  the  effect  of  the  products  of  corrosion 
on  insulated  bolts ;  and  general  corrosion  of  steel 
bolts. 

SUdc  8  shows  blow-holes  in  weld,  caused  by  the 
liberation  of  gases  on  cooling. 

Slide  9  shows  samples  of  ends  of  condenser  tubes 
pitted  and  perforated  only  where  packed  at  the  ferrules. 


Discussion  before  the  North  Midland  Centre,  at  Leeds,  ii  M.\rch,  1919. 


Mr    R.  H.  Campion:  It  is  interesting  to  note  that 

the    author    has    adopted    the    electrolytic    theor%-    of 

corrosion,  and  the  arguments  in  supp>ort  of  it  appear 

to    l>e    sound.     The    information    alx)ut    the    different 

classes  of  metal  is  most  interesting,  but  my  experience 

of  wTought  iron  for  boiler-feed  purposes  is  the  exact 

opposite  to  the  author's.     The  large  number  of  materials 

that  can  be  attacked  is  well  brought  out  in  the  paper. 

and  I  am  interested  in  what  happened  to  the  102-pair 

cable  in  a  cast-iron  pipe.     The  presence  of  air  in  boiler 

*  r   «  one    of    the   most   difficult   problems  at 

'  .1  time,  and  considerable  trouble  is  found  to 

'•(riir  with  the  piping  conveying  the  fee<l  water  to  the 

1  Killer.     I  heard  of  a  case  some  years  ago  in  a  I^incashire 

electricity  works  where  of  two  centrifugal  pumps  side 

by  side,  made  at  the  same  time  by  the  same  makers 

and,  as  far  as  was  known,  of  the  same  material,  one 

1        '  '        away   and   the  other   left    intact.     The 

;  '-n  f>f  suitable  d«?signs  to  prevent  cavita- 

I.  and  th'  'n  to  improve  the 

'•   thf-  r  .,   very   instructive. 

'  11  caused  by  corrosif)n 

•    '    s.  .ind  very  few  plants 

unless   some   preventative    mcthrtds 

.   .    .  ...i;ig  with  the  water.     I  was  under  the 

'  1    that   the   Admiralty   specification    for   con- 

<i-i.«i  iiil>e«  was  not  suitable  for  land  work,  and  I 
tbouKht  one  of  (he  mf>»t  fruitful  gfiurces  of  trouble 
'■'  ■  ■>.     I  have  used  the  Harri.s 

.    for    some    7    years    with 

ihroe  differrnt   m.ikers 

'1  in  I 'Mi  were  in»rrte<J 

m  the  hand-holes  in  tlic  inlet  covcra  in  the  first  instance. 


and  were  made  of  aluminium,  but  were  afterwards 
changed  to  cast  iron.  \  certain  allowance  has  to  be 
made  for  wear  and  tear  on  the  life  of  the  tubes,  as  the 
condenser  is  10  years  old.  The  author's  remarks 
relating  to  turbo-generators,  wet  air  filters,  and  metal 
packing  pieces,  are  well  worth  noting  ;  most  of  us  will 
have  experienced  corrosion  in  connection  with  econo- 
mizers. 1  should  like  to  hear  more  about  the  properties 
of  rustless  turbine  bl.iding. 

Mr.  W.  A.  Christiansen  :  With  regard  to  the  relative 
corrosion  of  wrought  iron  and  steel.  1  have  had  experience 
with  large  centrifugal  pumps  pumping  polluted  salt 
water.  On  different  shafts  tried,  wrought  iron  was 
least  subject  to  corrosion,  then  nickel  steel,  and  ordinary 
steel  was  worst  of  all.  Experience  with  the  clearance 
rings  using  wrought  iron  and  mild  steel  was  similar, 
and  it  was  noteworthy  that  the  corrosion  on  these 
increased  at  the  weld.  This  was  overcome  by  making 
the  rings  solid  forged.  It  seems  clear  that  the  corrosion 
of  steel  is  retiuced  with  the  carlvm  content,  hence  the 
better  results  with  wrought  inm.  The  author  has 
submitted  photographs  of  centridigal  pump  impellers 
which  have  suffered  corrosion  on  the  vanes  at  the  point 
of  entry.  I  should  be  inclined  to  ascribe  this  more  to 
erosion  than  corrosion,  assisted  by  the  probably  less 
perfect  nature  of  the  metal  at  tliLs  p<iint  as  the  result 
of  casting.  With  rcg.ird  to  condensers.  1  have  had 
some  most  iinlortiin;ite  experience  with  corrosion 
caused  by  the  circulating  water  being  acid-polluted 
by  chemical  works.  Those  parts  of  the  condrn.ser 
nranst  to  the  circulating  water  outlet,  where  the 
trnii«'rature  was  highest,  RuflercHl  most  and  failed  first. 
On  one  of  the  condensers,  which  was  three-pass,   the 
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last-pass  tubes  were  finally  reduced  to  less  than  half 
their  original  weight  before  final  failure.  The  corrosion 
in  question  was  fairly  uniform  and  did  not  take  the 
iorm  of  pitting.  The  condenser  had  ultimateh'  to  be 
entirely  renewed  with  tubes  and  ferrules.  The  com- 
position of  the  tubes  which  failed  was  the  ordinary' 
70  '30  mixture,  and  they  were  replaced  with  70/29/1 
(Admiralty)  mixture  stated  to  be  less  subject  to  corrosion. 
The  conditions  ha\'ing  changed  in  the  meantime  it 
ias  not  been  possible  to  make  a  comparison.  The 
•corrosion  of  the  ferrules  on  different  condensers,  stated 
to  be  all  of  70/30  mixture,  was  not  the  same.  In  one 
-of  them  de-zincification  took  place,  rendering  the  ferrules 
quite  brittle,  while  on  a  condenser  of  another  make, 
the  ferrules  suffered  wastage  but  no  appreciable  de- 
zincification  and  were  not  brittle.  The  electroh-tic 
protection  of  condensers,  which  appears  perfect  from 
theoretical  considerations,  probably  does  not  give 
absolute  protection  in  practice,  due  to  practical  dilfi- 
-culties.  It  appears  that  the  system  very  much  reduces 
corrosion  or  pitting,  but  does  not  entirely  eliminate  it. 
This  is  what  one  might  expect  since  the  most  of  the 
protective  current  must  flow  direct  to  the  tube  plates 
and  tube  ends,  leaving  the  major  portion  of  the  tubes 
•comparatively  unprotected.  The  probable  variation 
in  the  contact  resistance  between  tubes  and  tube  plates 
rnust  also  influence  the  chances  of  corrosion  in  adopting 
this  system,  and  if  the  corrosion  takes  place  in  propor- 
tion to  the  temperature  of  the  circulating  water,  it  would 
be  advisable  relatively  to  increase  the  amount  of  pro- 
tection in  the  portions  of  the  condenser  subject  to  the 
higher  temperatures.  I  am  in  agreement  with  the 
author  as  to  the  necessity'  of  thoroughly  de-aerating 
the  feed  water,  and  I  generally  agree  with  him  as  to 
the  arrangements  necessary  to  this  end.  It  is  worthy 
of  note  that  the  principal  condensing-plant  makers  are 
alive  to  this  subject  and  are  designing  accordingly. 
Absolute  de-aeration  is  a  difficult  matter  and,  in  addition 
to  what  is  done  in  the  mitial  stages  of  the  plant,  it 
rnight  be  advisable  to  insert  air  traps  at  other  points 
in  the  feed  system  before  the  water  enters  the  boilers, 
say  at  the  outlets  of  the  feed  heaters  and  economizers, 
if  fitted.  In  spite  of  precautions,  however,  it  is  possible 
that  there  is  always  a  certain  amount  of  dissolved  air 
left,  which  may  cause  trouble  in  the  boilers,  especially 
with  very  soft  water  containing  no  scale-forming  matter. 
\\Tiat  is  the  author's  opinion  as  to  whether  a  pure 
water  (as  pure  as  one  can  get  it  in  engineering  practice, 
though  not  of  course  chemically  pure)  is  non-corrosive 
in  boilers,  and  what  treatment,  if  any,  of  the  same 
■does  he  recommend  ?  In  my  opinion  it  is  not,  and 
I  consider  some  treatment  is  required  to  make  it  quite 
non-corrosive,  this  bemg  attauaed  by  addmg  an  alkaline 
solution  of  tannin  to  absorb  oxygen  and  gi\'e  the  water 
a  definite  "  permanent  "  alkalinity,  or  by  adding  tannin 
solution  only  if  the  water  is  already  sufficiently  alkaline 
by  the  presence  of  sodium  salts.  I  have  been  informed 
that  in  boilers  25°  alkalinity  to  methyl  orange  is  necessary 
to  prevent  corrosion.  The  alkalinity  of  the  feed  water 
to  attain  this  might  only  be  of  the  order  of  about  1°, 
the  higher  figure  being  reached  in  the  boilers  through 
concentration.  This  question  assumes  more  importance 
with  the  use  of  the  purest  or  softest  possible  water  as 


is  now  becoming  customarj-.  The  subject  of  boiler 
corrosion,  its  causes  and  prevention,  is  still  somewhat 
obscure,  and  more  enlightenment  is  required,  as  well  as 
regular  scientific  attention  by  users.  Economizers  tend 
to  act  as  a  protection  to  boilers,  first  by  reducing  the 
strength  of  an}-  corrosi\-e  elements  present  in  the  feed, 
and  secondly  by  gi\-ing  a  hotter  feed  to  the  boilers, 
resulting  in  better  circulation  in  them,  which  also  helps 
to  keep  down  corrosion.  On  the  other  hand,  the  very 
conditions  under  which  economizers  work  are  peculiarly 
favourable  to  corrosion,  viz.  low  water  velocity,  low 
alkalinity  (no  concentration  taking  place  as  in  boilers), 
and  the  heating  influence  tending  to  liberate  dissolved 
gases.  Feed-pipe  pitting  is  frequently  a  troublesome 
matter,  and  here  again  the  cause  is  much  the  same 
as  in  the  case  of  economizers.  With  regard  to  steel 
turbine-blades,  there  is  a  tendency  for  corrosion  to  take 
place  when  the  machine  is  standing.  To  avoid  this  by 
means  of  drying  the  blades,  a  well-kno\\-n  firm  have 
adopted  the  practice  of  passing  air  through  the  machine 
when  stopping  and  immediatelj-  after  shutting  off  steam, 
the  air  being  induced  through  from  the  high-pressure  end 
by  the  condenser  vacuum.  Turbines,  like  boilers, 
probably  suffer  at  least  as  much  damage  while  standing 
as  when  working.  Some  time  ago  I  had  experience  of 
a  turbine  which  had  been  lying  idle  for  several  months 
while  its  condenser  was  used  for  another  machine. 
WTien  the  turbine,  which  had  been  thus  idle  so  long, 
was  ultimately  opened  up,  its  steel  blading  and  wheels 
were  found  to  be  in  a  ^-ery^  bad  state  of  corrosion,  but 
the  bronze  blading  was  quite  good.  By  comparison 
with  other  similar  machines  not  so  treated,  it  was  clear 
that  the  severe  corrosion  above  referred  to  was  due  to 
the  unfavourable  conditions,  in  an  atmosphere  of 
vapour,  etc.,  to  which  the  machine  had  been  subjected. 
To  keep  the  blades  dry  while  standing  seems  to  be  the 
ideal  method  in  order  to  avoid  corrosion. 

Mr.  C.  L.  MacCarthy  :  One  of  the  most  interesting 
cases  which  has  come  before  my  notice  in  connection 
with  the  corrosion  of  steel  pipes  was  an  8  in.  rising 
main  installed  in  a  pit  shaft  some  14  j-ears  ago,  the 
water  being  pumped  b^'  means  of  a  steam  punip  at  the 
bottom  of  the  shaft  into  a  lake  at  the  surface.  About 
5  years  ago  an  electrically-dri^'en  pump  was  fitted, 
together  with  an  entirely  new  line  of  pipes,  the  existing 
steam  pump  and  rismg  main  being  kept  as  a  stand-by. 
The  new  pipes  corroded  through  in  the  bottom  section 
in  4  years.  The  matter  was  thoroughly  investigated, 
and  the  only  explanation,  as  the  pipes  and  water  were 
identical  in  both  cases,  was  that  the  trouble  was  due 
to  stray  currents.  Another  interesting  case  was  a 
compressed-air  main  in  a  Lancashire  colUery.  This 
main  was  installed  some  7  years  ago,  and  on  being 
examined  about  a  j^ear  ago  it  was  found  to  be  badly 
corroded  internally.  On  investigation  the  trouble  was 
ascribed  to  acids  in  the  oil  used  in  the  compressor. 
The  main  in  question  was  of  10  in.  diameter,  and  it  was 
the  first  section  at  the  top  of  the  shaft  which  was  chiefly 
affected.  Similar  steel  mains  which  have  been  working 
in  the  same  district  and  have  been  installed  many 
years  are  unaffected,  pointing,  as  it  was  afterwards 
proved  in  the  case  referred  to,  to  purely  local  conditions. 
With  regard  to  feed  pipes,   I  have  of  course  come  in 
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touch  with  many  badly  corroded  mains  and  the  chief 
trouble  undoubtedly  is,   in  the  majority  of  cases,  due 
to  gases.     It  is  not  uncommon  to  find  that  at  two  works 
in  the  same  town  with  feed  mains  working  under  exactly 
similar  conditions,  in  the  one  case  the  main  has  been 
badly  attacked  while  at  tlie  other  works  it  will  be  in 
excellent   preservation.     With  pipes  laid   in   earth  the 
life  of  the  main  depends  chierty  on  the  protective  coating. 
The  great  point  in  laying  pipes  is  always  to  see  that 
the    coating    is    not    damaged.     An    extra    precaution 
which  is  often  taken  is  to  coat,  wrap  with  canvas,  and 
re-oat,  tlic  canvas  protecting  the  solution  from  damage. 
Mr.  R    C.  Atkinson  :    The  last  speaker  has  rather 
hinted  that  one  of  the  most  potent  causes  of  corrosion 
is  stray  currents.     I  rather  join  issue  with  him  on  that 
as  he  is  interested  in  the  working  up  of  metal,  and  I 
take  particular  note  of  one  sentence  in  the  author's 
jjaper,  with  which  I  am  in  entire  agreement.     He  says 
on  page  1 19,  "  Iron  and  steel  may  be  regarded  as  complex 
mixtures."     I  think  a  lot  of  the  trouble  we  suffer  from 
in  corrosion  is  attributable  to  our  neglect  of  that  fact. 
We  treat  iron  and  steel  in  a  ven,-  casual  fashion.     Think 
how   metal    plates    and    sections    are    treated    during 
manufacture  into  articles,  how  they  are  not  subjected 
to  really  scientific  heat  treatment  or  anything  of  that 
sort.     Take  the  flanging  of  plates — they  are  heated  up 
in  a  furnace  to  a  certain  \-ague  temperature  which  is 
judged  entirely  by  the  eye  of  the  man  in  charge.     There 
is  no  scientific  method  adopted  to  ascertain  whether  a 
certain   definite  temperature  has  been   reached   before 
the  plate  is  flanged — they  get  through  what  they  can 
in  the  one  heat,  if  not  they  have  a  second  ;    if  they  are 
nearly  tlirough  they  try  to  get  it  through  in  the  one 
heat  to  save  heating  it  up  a  second  time.     As  a  result 
the  metal  is  subjected  to  serious  stresses.     Some  time 
ago  I  made  inquiries  among  some  of  the  leading  boiler- 
makers  as  to  the  methods  they  adopted  for  seeing  that 
plates  were  subjected  to  a  proper  temperature  before 
work  was  done  on  them,  and  further,  that  they  were 
properly  annealed  afterwards.     I  was  astonished  to  find 
that  not  one  of  the  boiler-makers  used  any  means  for 
determining   with   accuracy   such    temperatures.     They 
all  relied  on  the  experience  ni  the  men  in  charge.     Most 
of    us    know    that    iron    workers    and    metal    workers, 
particularly  thf>sc    who  have  spent    their  lives    in    the 
manipulation  of  iron  and  steel  at  varying  temperatures, 
have  very  great  skill  in  judgment  by  the  eye  as  to  the 
proper  temperatures,  but  that  to  my  mind   is  a  very 
unreliable  factor  liecause  the  human  element  enters  in. 
A"  things   tend    to   the   metal   not   getting    fair 

t:  and   wnf-n,   as  the  author  has  pointed  out, 

intciiidl  sti  ■  -it  in  the  metal  wo  get  pcjtontial 

cauM-»  r.f  .  1   I  think  it  is  up  to  the  manu- 

f.i'tiirfrs  in  this  country  to  pay  very  much  greater 
altciilion  to  the  treatment  they  give  to  the  various 
m<t.iN  which  arc  used  in  engineering  work.     I   think 

«  ' '■t  down  to  a  more  regular  and  more  scientific 

t  •!  the  metals  corrosion  troubles  will  be  very 

"  ■  •■  author  say*  th.it  in 

!•  I' lung  when  pngineert 

will    fci<r<iiy    tin:  istingK,    including 

pijK-«   ■     I  think  til..  .Ic,     On  the  other 

band,  it  u  very  difficult  to  get  manufacturcm  to  make 


anything  to  definite  specifications.  With  regard  to  the 
condenser-tube  ferrule  question,  the  author  suggests  that 
the  corrosion  is  entirely  due  to  air  and  the  oxide  of  iron 
in  the  water.  I  would  ask  him  whether  he  does  not 
think  the  lubricant  in  the  packing  may  have  something 
to  do  with  it.  The  packings  in  condenser  tubes  are 
boiled  in  tallow,  which  is  of  animal  origin.  We  may 
get  some  acids  liberated  there  which  may  have  some 
effect  on  it.  With  regard  to  turbine  blades,  I  would 
suggest  to  the  author  that  some  of  the  trouble  is  due 
to  erosion.  Where  we  have  reached  the  dew  point  we 
get  water  travelling  at  a  high  velocity.  It  may  be 
that  the  wasting  away  of  the  blades  is  due  to  erosion 
by  this  water  and  not  entirely  to  corrosion.  With 
regard  to  the  protection  of  corrugated  sheeting,  some 
time  ago  the  French  Government  set  up  a  Commission 
of  Engineers  to  inquire  into  the  best  method  of  pro- 
tecting galvanized  corrugated  sheeting.  The  solution 
they  finally  arrived  at  was  that  neither  tar  nor  paint, 
by  itself,  was  any  good.  If  we  paint  the  corrugated 
sheeting  that  is  soon  attacked.  We  get  through  the 
paint  on  to  the  galvanizing,  and  that  is  attacked  in  the 
way  the  author  has  pointed  out.  If  we  used  tar  alone, 
there  is  sulphur  in  it  and  that  attacks  the  galvanizing. 
The  solution  was  that  we  should  paint  the  galvanized 
sheeting  with  two  coatings  of  paint  and  then  put  tar 
on.  In  this  way  we  get  a  perfect  protection  of  the 
galvanized  sheeting. 

Dr.  W.  H.  Hatfield:  The  author  advances  the 
electrolytic  theory  of  corrosion,  and  I  largely  agree  with 
him.  The  theory  serves  very  well  as  a  general  explana- 
tion of  the  corrosion  data  which  have  come  to  my 
notice  as  a  result  of  the  systematic  study  of  the  corrosion 
of  ferrous  metals.  There  are.  however,  several  anoma- 
lies which  require  further  study.  In  particular,  several 
speakers  have  referred  to  the  relative  behaviour  of 
wrought  iron  and  steel.  To  me  the  matter  is  summed 
up  something  like  this.  Wrought  iron  may  varj'  much. 
We  may  have  a  specimen  of  wrought  iron  which  is  all 
ferrite,  or  we  may  have  a  sample  which  is  high  in 
silicates  and  pos.iiblv  in  phosphorus.  We  should  expect 
to  find  a  disparity  in  the  behaviour  of  those  wrought 
irons.  Comparing  steel  and  wrought  iron,  the  author 
has  shown  how,  as  the  carbon  contents  increase,  the 
pearlite  constituents  also  increase.  True  steel  is  a  steel 
containing  0-90  per  cent  of  carbon  and  consisting  of 
p>earlite.  It  follows  that  with  a  constituent  of  the 
structure  which  he  has  illustrate<l  we  should  expect 
corrosion,  according  to  the  electrolytic  theory,  to  take 
pl.icc  at  a  much  more  rapid  rate  than  i:i  iron  which 
does  not  contain  it.  There  is  anotlur  important  factor 
which  enters  into  the  corrosion  of  commercial  steel  ; 
that  is  the  presence  of  manganese.  Siemens  steel, 
Bessemer  steel,  in  fact  all  commercial  steels  in  the 
method  of  production  have  manganese  added  to  them 
to  ensure  Sfmndness  and  good  working  under  the  press. 
The  presence  of  this  manganese  greatly  increases  the 
tendency  to  corrode.  I  was  very  glad  to  sec  that  the 
author  emphasized  the  effect  of  defects  and  segregation 
upon  corrosion.  .Mso  in  rolled  or  forged  steel  we  some- 
times have  laps  -a  juecc  of  rough  steel  is  hammered  into 
the  bar  or  foiging.  carrying  with  it  a  surface  of  scale. 
That    is   one   example   of    defect.     Wherever    there  is 
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segregation,  or  silicates  and  oxides  mechanically  intro- 
duced in  the  manner  I  have  described,  they  become 
seats  of  corrosion.  It  seems  to  me  that  engineers 
should  make  a  special  point  of  seeing  that,  as  far  as 
possible,  the  steel  they  use  is  free  from  segregation 
and  defects  generally.  I  agree  with  the  author  that 
terms  such  as  "  cast  iron  "  and  "  steel  "  are  quite  loose. 
^^'henever  I  have  the  opportunity  I  always  make  a  plea 
that  engineers  should  give  more  attention  to  the  science 
of  steel.  The  suggestion  by  one  of  the  speakers  that 
the  turbine  should  be  dried  by  passing  air  through  it 
seems  to  me  to  be  an  extremely  good  plan.  In  some 
of  our  experiments  we  have  noticed  that  where  a  liquid, 
a  dilute  solution,  would  not  bring  about  corrosion,  if 
we  left  a  drop  of  that  liquid  on  the  specimen  corrosion 
took  place.  As  the  drop  evaporates,  a  concentrated 
solution  of  the  acid  or  whatever  it  is  in  solution  is 
produced.  In  the  paper  it  is  suggested  that  the  physical 
and  mechanical  properties  of  stainless  steel  are  not 
comparable  with  those  of  other  high-tensile  steels.  I 
should  like  to  take  this  opportunity  of  remo\dng  that 
impression,  and  in  this  connection  I  \vill  refer  to  the 
figures  in  the  accompan3'ing  table.  The  last  speaker 
emphasized  the  importance  of  accurate  heat  treatment, 
and  this  table  shows  how  important  it  is  that  the  actual 


surround  the  pipe  with  sand  in  preference  to  claj' ; 
for  the  sand  would  then  act  as  a  drain  from  the  upper 
layer  of  ash.  On  page  125,  it  is  suggested  that  "  Exterior 
corrosion  and  solvent  action  of  water  on  lead  pipes 
may  be  due  to  salts  in  the  soil,  or  the  action  of  organic 
acids  in  the  water  flowing  in  the  pipes."  I  should 
like  to  hear  how  the  author  accounts  for  this  action. 
1  recenth"  heard  a  colliery  engineer  complain  of  the 
more  rapid  corrosion  of  the  winding  ropes  since  the 
installation  of  electrical  power  into  his  colUerj-,  and  as 
I  found  on  inquiry  that  the  power  was  all  three-phase 
alternating  current,  I  could  only  conclude  that  it  was 
another  case  of  prejudice.  It  is  also  remarkable  what 
a  large  number  of  gas  engineers  are  still  of  the  opinion 
that  three-phase  lead-sheathed  and  armoured  cables  are 
injurious  to,  and  the  cause  of  electrolytic  trouble  on, 
pipes  in  the  \dcinity.  The  fracture  and  breakdown  of 
pin-t^'pe  insulators  due  to  the  corrosion  of  the  metal 
pin  and  its  consequent  expansion  is  becoming  a  rather 
serious  problem,  and  it  would  be  interesting  to  know 
whether  "  rust-less  "  steel  or  any  of  the  modern  alloys 
could  be  commercially  adopted  to  avoid  this  trouble. 
Mr.  E.  C.  Balmford  :  On  page  121  the  author  refers 
to  the  stresses  in  iron  and  steel  resulting  in  corrosion. 
In  connection  with  this  it  mav  be  of  interest  that,  when 


St.mxless  Steel 
Size,  I J  in.  round  X  7J  in.  long. 


Treatment 

Yield 

Maximum 

Elongation 

Reduction 
in  .^ea 

Hardness 
(BrineU) 

Izod  Impacts 

Air  Hardened 

Tempered 

Per  cent 

Per  cent 

Ft.-lb. 

875°  c. 

I  hr.   500° 

C. 

70-9 

85-9 

1 

I3-0     ' 

40-5 

3-12 

— 

875°  c. 

I  hr.   600° 

C. 

44'5 

5y(> 

2I-0 

59-2 

3-9 

69,  ji,  69  and  59 

»75°  C. 

I  hr.   700° 

c. 

31-6 

45-2 

26-0 

64-6 

4-25 

86-1-  3,  86 -i-  13,  S6-{-  17 

875°  c. 

I  hr.    730° 

c. 

29-5 

43-9 

28-0 

63-6 

4-25 

86-1-  16.  86-1-  26,   86-(-  25 

875°  c. 

I  hr.   800° 

c. 

31-6 

43-3 

27-0 

64-7 

3-7 

33.  33.  43 

temperature  should  be  ascertained.  It  is  interesting  to 
note  that  several  works  have  used  stainless  steel  for 
turbine  blades.  In  one  instance  after  2J  years'  service 
there  has  been  no  corrosion  and  no  erosion. 

Mr.  A.  R.  Chaytor:  At  the  top  of  page  120,  the 
author  suggests  that  a  "  Clayey  character  of  soil  leads 
to  an  increased  retention  of  the  electrolyte,"  and  advises 
that  the  pipes  or  cables  be  surrounded  with  sand  in 
preference  to  clay.  I  am  of  the  opinion  that,  where 
the  bottom  of  the  trench  does  not  exceed  the  depth  of 
the  clinker  or  ash  subsoil,  it  is  better  to  surround  the 
pipe  or  cable  completely  with  moistened  clay,  well 
rammed.  By  doing  so,  the  pipe  will  be  securelj^  sealed 
against  any  access  of  the  electrolyte,  and  a  free  drainage 
space  will  be  left  around  the  pipe.  In  cases  where 
the  trench  is  excavated  through  cUnker  and  ash  into  a 
clayey  stratum,  it  would    be    strongly  inadvisable  to 


in  conversation  with  one  of  our  leading  pump  makers  a 
year  or  two  ago,  I  was  shovvTi  two  gunmetal  impellers 
from  turbine  feed-pumps,  one  of  which  was  verj^  badly 
corroded  at  the  tips  and  the  other,  which  had  been 
running  a  longer  time,  was  in  perfect  condition. 
The  latter  had  been  running  in  greasy  water,  and  it  had 
been  protected  hv  a  very  slight  film  of  grease  which  had 
collected  on  it.  Thej-  expressed  the  opinion  that  the 
corrosion  on  the  former  impeller  was  not  a  chemical  one 
but  was  due  to  the  difference  in  stress  in  the  metal  at 
the  periphery'  of  the  impeller  and  at  the  centre,  which 
set  up  internal  currents  and  led  to  corrosion.  The\-  aho 
referred  me  to  experiments  which  had  recently  been 
conducted  in  which  two  bars  of  gunmetal  of  exactly  the 
same  composition  were  immersed  in  electrolj'te,  and  on 
one  of  the  bars  being  put  in  tension  there  was  quite  an 
appreciable  electromotive  force  set  up  between  them. 
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I  should  like  to  know  if  the  author's  experience  confirms 
tins. 

Mr.  T.  B.  Johnson  :  The  question  whether  the  pipes 
and  cables  wire  damaged,  quite  apart  from  electric 
currents,  is  of  so  much  importance  that  I  should  like  to 
ask  whether  the  author  definitely  satistied  himself  that 
no  electric  currents  got  into  the  cable  and  the  pipe. 
Of  course  if  a  leakage  current  could  ha\"e  been  present, 
as.  for  instance,  in  the  case  of  the  tramway  stajidard 
which  was  not  bonded,  then  the  cable  would  make  such 
a  pood  conductor  that  it  would  be  very  likely  indeed 
t'  ked.   t>i  page  i  jo  the  author  says  that  "  Lead 

1  Id   be   enclosed   in   wooden   casings   and   not 

«-^  I  take  It  that  means  where  lead  pipes  are 

1.  ground,  and  that  no  objection  is  seen  to  the 

provision  of  exposed  lead  cables  along  walls,  etc.,  in 
buildings.  On  page  121  the  author  says  that  "  It  has 
been  noted  by  many  observers  that  corrosion  of  steel 
is  not  accelerated  by  contact  with  other  metals  or 
allo\-s."  In  view  of  what  he  says  elsewhere  in  the 
paper  it  seems  surprising  that  such  is  the  case.  All  the 
elements  of  an  elc"ctric  couple  seem  to  be  there,  and  I 
should  be  glad  if  he  would  explain  why  those  joints  are 
immune.  Lastly,  I  would  suggest  that  he  might  amend 
the  title  of  the  paper  to  read  "  The  Effect  of  Air  and 
Water  on  Metals  used  in  Engineering  Work." 

Dr.  G.  D.  Bengough  {communicated)  :  I  propose  to 
deal  only  with  those  points  about  which  my  experience 
appc-ars  to  differ  to  some  extent  from  the  author's.  In 
the  first  place  I  believe  that,  from  the  practical  point 
of  view,  too  great  stress  has  been  laid  on  the  initial 
electroh-tic  action  that  may  occur  when  n\ctals  are 
placed  in  certain  liquids.  In  many  cases  the  initial 
action  is  not  the  most  important  factor  in  determining 
the  position  of  the  pits  in  which  engineers  are  very 
justifiably  and  specially  interestc-d.  The  initial  action, 
whether  it  be  electrolytic  or  not,  merely  gives  rise  to  a 
general  roughening  of  copper,  brass  and  many  other 
t>-pes  of  non-ferrous  materials.  It  appears  to  be 
■ccondar^•  actions,  probably  of  a  chemical  nature,  which 
give  rise  to  the  really  troublesome  local  actions  that 
result  in  pitting.  Such  actions  are  particularly  violent 
when  there  is  chloride  in  the  water.  The  fact  tliat  rust 
is  not  only  a  sign  that  corrosion  is  proceeding  but  may 
also  act  as  a  local  accelerating  factor  under  many 
conditions,  pro\'idcd  it  has  not  been  dried,  seems  to 
have  escaped  the  attention  of  many  authors  and  others 
interested  \n  corrosion,  yet  it  is  one  of  the  most  important 
factor*  f>f  M  in  acronntinc  for  local  pitting.  Once  an 
B'  1  formed  at  any  jKiint  on 

a  r  liy  natural  or  by  certam 

ai  local  action  will  tend  to  take  place  at 

II  I    in.iiiv   sets  c>f   conditions.      In   other 

wotrN  11  IK  .iny  hxal  variation  in  electrical 

pT'  •'■•  ■  , i  metal  that  gives  rise  to  IcKal 

p  it  may  (Mimetimcs  be  »o.     It  seems  to 

n.  •  '-.ition  of  attentifm  on   the 

rl'  <   IS  liable  to  cause  many 

f.i  -.1   Ik-  overlooked. 

A;  I  tubes  in  waters 

that  <  deposits  of  even 

the   p'  ■  .  '"'»e   very   serious 

corrcAion    under    many    act*    of    conditions.     Yet    the 


electrolytic  view  of  corrosion  in  the  form  in  which  it 
is  usually  stated  certainly  does  not  suggest  that  any 
such  action  would  take  place.  In  certain  other  types- 
of  water  which  contain  no  chloride,  but  which  are- 
quite  good  electrolytes  owing  to  the  presence  of  car- 
bonates, no  such  action  takes  place.  I  should  be  much 
interested  to  hear  how  the  author  would  explain  thes* 
facts  in  view  of  the  nature  of  corrosion  which  he- 
outlines  in  the  earlier  part  of  the  paper.  I  should  also- 
like  to  ask  him  how  he  explains  the  fact  that  potassium, 
bichromate,  which  is  known  to  be  a  thoroughly  gcKxl 
dep)olarizcr  and  is  used  as  such  in  certain  primary  cells, 
inhibits  the  corrosion  of  iron,  copper,  zinc,  and  other 
metals.  This  set  of  facts  hardly  seems  to  be  in  good 
agreement  with  the  statement  on  page  119  that  "  any 
substance  which  dissolves  or  reacts  with  hydrogen 
accelerates  corrosion.  This  is  found  in  practice  to  be- 
universally  true."  I  have  met  many  other  experimental 
facts  in  my  study  of  corrosion  which  cannot  be  easily 
harmonized  with  the  \-iew  that  primary  electrolytic 
action  is  the  cause  of  the  numerous  troubles  tliat  occur 
in  practice.  They  do  not  disprove  the  electrolytic 
view  of  corrosion,  but  they  indicate  quite  clearly,  ii> 
my  opinion,  that  it  must  be  supplemented  by  the 
recognition  of  secondary  reactions,  which  are  of  great 
technical  importance. 

Mr.  G.  R.  Hingelberg  (ccmmunicated)  :  Messrs. 
Jolm  Br(.)wn  i^  Co.  had  some  16  years  ago  in  their  old 
power  station  a  condensing  plant  which  included  a 
cooling  tower,  the  circulating  pump  being  of  cast  iron 
with  a  bronze  impeller.  One  day  the  pump  would  not 
perform  its  duty  and,  on  opening  it  out,  we  found  the 
cast-iron  casing  all  coated  with  bronze  and  the  impeller 
considerably  reduced.  We  came  to  the  conclusion  that 
it  was  caused  by  electrolytic  action  due  to  the  difference 
of  metals  and  a  peculiar  feature  of  the  circulating  water. 
Tliis  water,  of  c<jurse,  was  used  o\-er  and  over  again,  and 
in  passing  down  the  cooling  tower  (which  was  of  the  fan 
type)  the  water  picked  up  the  sulphur  fumes,  of  which 
the  air  is  full  in  that  particular  part  of  the  works,  and 
was  turned  into  sulphuric  acid.  On  making  an  analysis 
of  the  water  we  found  that  this  was  the  case,  and  wo 
have  had  to  treat  the  water  ever  since  so  as  to  make  it 
slightly  alkaline. 

Mr.  J.  W.  J.  Townley  (communicated)  :  I  have  sent 
for  inspection  by  the  author  a  corroded  condenser  tube 
which  is,  I  think,  an  excellent  example  of  de-zincification 
caused  by  electrolytic  action,  and  I  should  be  glad  to 
have  his  comments  upon  this  case.  The  circumstances 
are  as  follows  :  —  l-"ive  tubes  in  a  turbine  condenser 
failed  after  they  had  been  in  use  about  12  months. 
The  circulating  water  was  testixl  and  found  to  be 
decidedly  acid  due  to  concentration  in  the  ponds.  The 
water  w;is  then  treated  with  soda  a.sh  until  a  slightly 
alkaline  reaction  was  obtained  with  phenol-phthalcin, 
and  all  make-up  water  was  treated  in  the  same  way. 
Several  tubes  have  failed  since  this  treatment  wa» 
adopted,  but  it  is  l>elieved  they  were  affected  previously. 
New  tuljes  alter  two  month.s'  run  show  no  signs  ot 
corrosion  when  they  are  withdrawn  and  there  is  a 
tendency  for  stale  to  lorm  r)ii  the  tiil>es  and  tulw  plate, 
which  previously  showed  clean  surfaces  with  p.iti  lies  ol 
corrosion.     When  the  first  tubes  failed,  a  number  were 
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■withdrawn  for  inspection  and  a  selective  action  was 
noted,  as  several  were  quite  free  from  corrosion  and 
others  badly  pitted.  On  page  ii8  the  author  says, 
"  MTien  the  acid  solution  is  entirely  neutralized  by,  say, 
an  alkali,  the  process  is  arrested  "  ;  so  presumably  in 
this  case  as  long  as  the  cooling  water  is  kept  neutral 
or  alkaline  the  electrolj-sis  is  arrested. 

Mr.  H.  E.  Yerbury  {in  reply)  :  In  reply  to  Mr. 
Campion's  remarks  regarding  wrought  iron  for  boiler 
feed-pipes,  it  is  generallj-  found  that  this  metal  is  not 
so  reliable  as  cast  iron,  and  his  trouble  due  to  corrosion 
of  pipes  conveying  water  to  boilers  would,  I  think,  be 
minimized  by  using  cast  iron.  In  connection  with  two 
pumps  working  under  what  appear  to  be  the  same 
conditions,  when  only  one  pump  is  injuriously  affected, 
all  details  must  be  studied,  and  it  will  probably  be 
found  that  certain  minor  conditions  are  present  in  the 
one  case  which  affect  the  rate  of  corrosion.  Even  the 
difference  in  working  head  has  been  found  to  be  a  cause 
of  corrosive  action,  and  by  increasing  the  head  by 
partly  closing  the  discharge  valve,  and  thereby  retarding 
the  liberation  of  air  in  the  impeller  and  pump  body, 
corrosion  has  been  arrested.  The  problem  of  condenser 
tubes  and  means  of  extending  their  life  is  still  a  subject 
of  experimental  research  and  each  case  should  be 
studied  indi\ddually,  special  attention  being  given  to 
the  quality  of  the  water  (especially  the  matter  in  sus- 
pension, temperature,  speed  of  flow,  and  general 
condenser  design). 

In  reply  to  Mr.  Christiansen,  it  is  unfortunately  true 
that  most  steels  corrode  more  readily  than  wrought 
iron,  for  reasons  stated  in  the  paper,  and  it  is  interesting 
to  hear  that  WTOught  iron  is  superior  to  steel  for  pump 
shafts  running  in  polluted  salt  water.  Regardmg  the 
effect  of  erosion  as  distinct  from  corrosion  on  pump 
impellers,  etc.,  speaking  generallv  it  may  be  said  that 
where  erosion  only  has  taken  place,  thus  producing  a 
scouring  action,  the  composition  and  structure  of  the 
remaining  metal  are  unchanged  ;  whereas,  with  electro- 
lytic action,  the  composition  and  physical  properties  of 
the  original  metal  will  have  been  altered  to  its  detriment, 
as  corrosion  takes  place  prmcipally  at  the  crystal 
boundaries.  It  has  been  found  that  condenser  ferrules 
are  sometimes  made  of  yellow  brass  mstead  of  Admiralty 
mi.xture  (70/29/1),  in  which  case  de-zincification  often 
takes  place  and  they  become  brittle.  Regarding  the  use 
of  pure  feed  water  for  boilers,  I  am  informed  by  the 
general  manager  of  the  Detroit  Edison  Company,  where 
a  closed  sj-stem  has  been  in  service  for  many  years, 
that  no  corrosion  or  pitting  has  occurred  and  that 
the  tovm's  water  occasionally  used  in  the  surge  tank, 
or  in  filling  a  boiler,  has  been  sufficient  to  give  the 
boilers  a  slight  protective  covering  such  as  would 
be  obtained  from  a  thin  coat  of  whitewash.  It 
will  be  readily  seen  that  under  such  ideal  conditions 
boilers  could  be  safely  worked  up  to  at  least  double 
their  normal  rating.  With  or  without  a  closed  system 
it  is  always  desirable  to  keep  feed  water  very  slightly 
alkaline.  The  practice  of  drying  the  blades  of  turbines 
by  passing  air  through  the  machine  after  steam  has 
been  shut  off  is  an  excellent  plan  to  avoid  corrosion. 

In  reply  to  Mr.  MacCarthy's  remarks  on  corrosion  of 
8-inch  steel  pipes  in  a  pit  shaft,  I  am  inclined  to  think 


that  the  cause  could  not  have  been  thoroughly  investi- 
gated if  the  explanation  of  the  trouble  was  summed  up 
by  the  stray  current  theorj'.  It  should  be  remembered 
that  current  leaking  to  a  pipe  line  does  not  injuriously 
affect  it,  and  it  is  only  where  the  current  leaves  the 
metal  in  the  presence  of  an  electrolyte  that  damage 
can  be  done.  The  water  in  a  colliery  rising  main  would 
doubtless  contain  air  and  corrosive  matter  in  suspension 
or  solution,  and  cast  iron  would  be  preferable  to  steel 
pipes  under  these  conditions. 

In  reply  to  Mr.  Atkinson,  it  is  regrettable  that 
metallurgy  is  not  studied  sufficienth'  by  engineers  and 
ironfounders  and  general  manufacturers,  and  it  is  hoped 
that  more  scientific  methods  will  be  adopted  in  the- 
near  future.  When  it  is  found  that  good  results  follow 
accurate  working  to  a  specification,  doubtless  greater 
willingness  will  be  shown  by  founders  and  others  to 
meet  engineers'  requirements.  With  regard  to  oil  in 
condenser-tube  packings,  it  is  well  known  that  animal 
oils  are  acid  and  therefore  corrosive,  but  in  many 
instances  where  dry  cord  impregnated  with  graphite 
was  used  as  a  packing  and  no  oil  was  present  a  pitting 
action  was  set  up.  Erosion  is  a  factor  in  the  useful  life 
of  metals  which  is  receiving  careful  attention  by  metal- 
lurgists, and  finality  has  not  been  reached  in  the  evolution 
of  alloys  to  withstand  such  erosive  action.  Analyses 
clearly  show  whether  a  certain  action  is  due  to  erosion 
or  corrosion,  and,  as  Mr.  Christiansen  pointed  out^ 
much  damage  has  been  caused  to  turbme  blades  when 
a  machine  has  been  standing,  in  which  case  pitting  and 
corrosion  only  could  take  place.  The  life  and  protection 
of  galvanized  sheeting  largely  depend  on  climatic  and 
local  conditions,  and  the  method  adopted  by  the 
French  Government  is  undoubtedly  a  good  one.  It  is- 
generally  found  that  any  composition  of  a  neutral 
character  which  covers  metal  and  remains  impervious 
to  moisture  will  act  as  a  preservative.  In  certain 
cases  where  the  gah-anizing  is  very  smooth  a  rougher 
surface  may  be  formed  by  brushing  on  a  solution  of 
copper  salts  over  which  the  paint  or  tar  film  is  more 
adherent.  g     cj 

I  am  very  pleased  to  hear  from  Dr.  Hatfield  that 
stainless  steel  is  now  being  used  with  success  for  turbiiie 
blades  and  that  its  phj-sical  properties  are  better  than 
were  suggested  in  the  paper.  As  shown  in  Dr.  Hatfield's 
test  results  the  physical  properties  are  enormously 
affected  by  heat  treatment,  and  I  think  the  success 
of  this  chromium  steel  is  assured  when  it  is  properly 
hardened  and  tempered  to  suit  the  purpose  for 
which  it  is  supplied.  It  is,  I  think,  advisable  to 
mention  that  this  steel  has  its  limitations  and  that  it 
is  possible  to  start  corrosion  if  gunmetal  is  in  contact 
with  it  in  salt  water,  or  if  an  oxide  of  iron  is  in  contact 
with  it  in  the  presence  of  an  electrolyte.  Under  any 
working  condition  the  tendency  to  corrode  is  far  greater 
when  the  metal  is  in  the  rough  state  than  when  it  is- 
polished.  Engmeers  are  familiar  with  corrosion  on 
steel  poles  and,  as  Dr.  Hatfield  points  out,  the  manganese 
constituent  accelerates  this  action.  It  is  therefore 
advisable  to  specify  poles  and  structures  to  be  low  in 
carbon  and  manganese.  I  note  that  Dr.  Hatfield 
largely  agrees  with  the  electrolj'tic  theory  of  corrosion. 

In  reply  to  Mr.  Chaytor's  remarks,  it  has  been  found 
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that  clay  invariably  retains  water,  which  is  the  main 
laetur  in  starting  corrosion.  Clay  often  contains 
s<iluble  salts  such  as  magnesium  chloride  and  nitrates, 
calcium  sulphate  and  bicarbonate,  which  tend  to  produce 
a  good  electrolyte.  If  pipes  are  laid  in  sandy  suil  the 
water  percolates  through  and  is  not  held  as  it  would  be 
m  soil  of  a  clayey  character.  If  it  is  possible  to  seal 
the  pipes  securely  with  well-rammed  clay  as  Mr.  Chaytor 
suggests,  I  agree  it  is  good  ;  but  when  laying  pipes 
through  ash  and  clinker,  I  think  that  concrete  should 
surround  them.  In  connection  with  the  sentence  on 
page  lis  quoted  bv  Mr.  Cha\-tor,  the  solvent  action  of 
certain  waters  such  as  peaty  water  containing  humic 
acid  is  well  known,  especially  on  lead  pipes.  Lime  is 
recommended  as  an  antidote.  I  am  not  aware  that 
rustless  steel  has  been  used  for  insulated  bolts  and 
studs  on  pin-tj-pe  insulators,  but  I  think  it  would  be 
quite  suitable  for  that  purpose.  Where  the  insulators 
are  not  subjected  to  a  big  strain,  high  tensile  bronze 
would  prove  satisfactorA". 

In  reply  to  Mr.  Balmford  regarding  the  theory  of 
"internal  "  currents  being  set  up  in  a  casting  such  as  a 
turbine  pump  impeller  due  to  the  difference  in  stress 
between  the  centre  and  the  periphery,  my  experience 
does  not  confirm  that  theon,-.  It  is,  however,  generally 
agreed  that  when  metal  is  stressed,  a  higher  potential 
will  be  set  up  in  the  presence  of  an  electrolyte  than  on 
an  unstressed  metal.  In  other  words  the  stressed 
metal  assumes  a  positive  potential  to  the  negative 
|x>tential  ol  an  unstressed  metal,  but  I  should  not 
regard  this  as  an  "  internal  "  current.  The  film  of  grease 
dejvjsitcd  on  the  impeller  which  was  unaffected  would 
appear  to  insulate  the  metal  from  the  action  of  the 
feed  water.  The  tips  of  impellers  are  usually  affected 
l>cfore  the  hubs,  as  vacuous  spaces  are  formed  and  air 
is  liberated  tending  to  invite  corrosive  action.  It  has 
also  been  shown  bj-  the  Hon.  Sir  Charles  Parsons  that 
by  closing  up  vortex  cavities  high  pressures  might  be 
generated  and  pitting  brought  about  by  this  sudden 
c<illaj)SC,  in  which  case  the  crystals  of  the  metal  would 
of  course  be  shattered.  Water-hammer  is  undoubtedly 
prcKluced  by  this  action. 

Regarding  Mr.  Johnsfm's  remarks  on  damage  done 
to  underground  pipes  and  cables  and  the  specific  instance 
mentioned  in  the  paper,  a  slight  rail  leakage  current  w.is 
indicated  from  the  tramways,  but  an  almost  equal  but 
steadier  pcjtential  and  current  existed  when  the  tram- 
cars  were  not  running.  The  Sheffield  Gas  Company 
ftati.Hfied  themselves  by  a  two  years'  test  on  pipes 
wh«^c  a  current  from  a  batten*'  was  connected,  that  no 
difference  in  the  rate  of  corrosion  (Kcurred  in  various 
c|ii:ilitic9  of  soil  and  moisture  between  the  "  charged  " 
pi])<-s  and  those  not  connected  to  an  external  electro- 
motive force.  The  nature  of  the  soil  and  electrolyte 
largely  determines  the  useful  life  of  metals.  The  en- 
clocinK  of  lead  pipes  in  wooden  casing  is  recommcnde<l 
<    '  -.''  laid  underground.       Regarding  the  rate  of 

•  ..f   »tre\  in  contact  with  a  non-lerrous  metal, 

Icifit'-y    '      •  l»    have    been    carried   out    in    this 

'oiintry  ■■\rn,    and    drductifins    indirato    that 

contact  lirtwi-:n  i.r'liti.ir\-  sinol  ami  bronze  and  bctworn 
ntccl  and  C)ther  mrtali  nmllier  jiromotcs  nor  accelerates 
the  corrcaion  that  normally  takes  place  in  iteol  alone. 


To  give  one  instance  :  it  is  well  known  that  on  board 
ship  brass  nuts  are  used  on  steel  bolts  and  can  be 
screwed  off  after  many  years'  ser\-ice,  whereas  a  steel 
nut  on  a  steel  bolt  would  soon  be  permanently  fixed  by 
corrosion  in  salt  water  or  an  intermittent  salt  spray. 

I  quite  agree  with  Mr.  Johnson  that  the  title  of  the 
paper  might  be  amended.  I  was  hoping  to  include  various 
other  materials  in  addition  to  metals,  but  found  that 
the  subject  matter  would  be  extended  beyond  the 
limits  of  an  Institution  paper. 

In  reply  to  Dr.  Bengough's  communication,  apart  from 
corrosion  research  I  think  that  it  is  not  the  initial 
electrolytic  action  or  skin  effect  on  metals  that  interests 
engineers  so  much,  as  the  subsequent  action  which 
often  produces  ultimate  destruction  of  the  material. 
Dr.  Bengough  appears  to  draw  a  line  of  demarcation 
between  electrolytic  and  chemical  processes.  I  incline 
to  the  idea  that  all  chemical  forces  appear  to  have  an 
electrical  origin  and  chemical  reactions  are  purely 
reactions  of  ions.     For  instance,  in  the  case  of  a  salt, 

+  — 
chloride  of  zinc  (ZnCl,),  the  zinc  atom  has,  I  think, 
a  positive  charge  of  sufficient  magnitude  to  hold  in 
equihbrium  two  negative  ions  of  chlorine.  Neither 
chemical  action — electrolysis — corrosion  nor  oxidation 
can  be  started  without  a  disturbance  of  equilibrium, 
hence  the  nature  of  the  electrolyte  is  all  important  in 
the  study  of  the  subject.  The  instances  cited  of  the 
action  of  water  containing  chlorides,  carbonates,  and 
potassium  bichrontate  with  their  dissimilar  character- 
istics are  interesting  from  the  electrolytic  standpoint. 
A  soluble  salt  is,  I  think,  made  up  of  a  combination  of 
a  positive  and  a  negative  ion.  Acids  and  chlorides  in 
solution  contain  hydrogen  ions  which  are  the  attacking 
ions.  These  are  eU^rtro-positive  to.  oxygen,  whereas  all 
substances  which  de\clop  hydioxyl  (electro-negative) 
ions  in  solution,  sucli  as  alkalies  and  carbonates,  inhibit 
corrosion  and  rusting.  The  statement  that  "  Any 
substance  which  dissolves  or  reacts  with  hydrogen 
accelerates  corrosion,"  I  venture  to  think  is  correct  for 
the  following  reason.  When  equilibrium  is  maintained 
between  a  metal  and  the  film  of  gas  or  electrolyte 
surrounding  it,  no  corrosion  will  take  place.  The 
absence  of  equilibrium  is  generally  brought  about  by 
the  remo\-al  (by  various  nteans)  of  the  substances  which 
would  kei'p  the  metal  in  a  passive  condition.  It  will 
therefore  Ix-  seen  that  a  neutral  or  negative  agent  which 
does  not  remo\-e  the  hydrogen  with  its  positive  charge 
from  the  surface  of  the  metal  which  is  made  negative 
by  its  solution  pressure  inhibits  corrosion.  Oxygen,  for 
instance,  which  reacts  with  hydrogen  accelerate* 
corrosion.  1  agree  that  secondary  reactions  are  most 
important,  and  I  submit  that  both  primary  and 
secondary  actions  conform  to  the  electrical  hypothesis. 
Regarding  the  actum  an<i  properties  of  rust  mentioned 
by  Dr.  Ilcngough,  I  hxik  uyunx  an  oxiile  of  iron  as  an 
electro-negative  element,  and  corrosion  invariably  starts 
by  its  presence  (even  on  polished  stainless  steel),  aa 
ordinary  rust  is  very  porous  and  usually  contains  a 
considerable  quantity  ol  water.  As  mentioned  in  the 
paper,  when  a  nodule  of  rust  is  formed  or  deposited. 
It  retains  the  electrolyte,  thus  forming  the  negative 
clement  to  the  p<jsitivc  matter  near  it  and  corrosion  ia 
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started.  A  dry  oxide  has  ao  injurious  effect.  Similar 
results  are  often  brought  about  by  foreign  matter  such 
as  sand,  which  Dr.  Bengough  mentions.  This  has  a 
tendency  to  absorb  and  retain  a  concentrated  electrolyte, 
thus  increasing  locally  the  normal  activity  of  that 
particular  liquid.  I  submit  that  lodgements  of  sand 
or  coke  act  hi  the  same  manner  as  the  packing  on  the 
condenser  tubes  cited  in  the  paper.  From  the  electro- 
lytic view  I  should  expect  chloride  of  sodium  to  be  one 
of  the  most  active  agents  of  corrosion,  and  carbonates 
to  exert  certain  protective  actions.  There  are  many 
anomalies  connected  with  the  subject  of  corrosion  which 
require  further  elucidation,  and  Dr.  Bengough's  researches 
will,  I  feel  sure,  be  keenly  studied  by  engineers.  I 
hope  that  definite  conclusions  will  be  forthcoming 
regarding  the  prevention  of  corrosion. 

Mr.   Hingelberg's  communication  confirms  the  point 
made  in  the  paper  that  cooling-tower  water  may  have 


highly  concentrated  characteristics  and  do  much  damage 
to  pumps  and  the  general  water-pipe  system.  It  is 
interesting  to  hear  that  on  treating  the  acid  water  and 
making  it  slightly  alkaline,  trouble  has  ceased  at  Messrs. 
John  Brown's  works. 

I  am  not  in  a  position  to  confirm  Mr.  Townley's 
opinion  that  the  trouble  on  his  condenser  tubes  is 
ended,  and  I  would  recommend  him  to  read  the  Reports 
of  the  Corrosion  Research  Committee  which  are  now 
published.  His  treatment  of  acid  circulating  water 
w.th  soda  ash  will  produce  a  carbonate  scale  on  the  tubes, 
and  this  forms  a  resistant  surface  film  which  un- 
doubtedly has  an  inhibiting  effect  on  corrosion.  Un- 
fortunately this  surface  layer  of  carbonate  slightly 
affects  the  heat  transference  and  it  is  generalljf  scoured 
off  when  the  tubes  are  periodically  "  rodded  "  and 
cleaned,  hence  the  desirability  of  neutralizing  any 
acidity  present  in  the  water. 
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I.  Sv.vorsis. 

In  this  paper  an  attempt  is  made  to  introduce  to 
the  authoiitics  dealinR  with  the  reconstruction  of  our 
natumal  iiuhistrios  after  tlie  war  a  further  problem 
which  is  intimately  connected  with  reconstruction 
but  which  has  up  to  the  present  remained  undiscussed, 
namely,  the  co-ordination  of  research  in  laboratories 
attached  to  universities,  colleges,  and  technical  insti- 
tutions, in  laboratories  working  independently  on 
commercial  lines,  and  in  the  experimental  depart- 
ments of  manufacturing  concerns.  In  the  past  there 
has  undoubte<lly  been  an  enormous  amount  of  over- 
lapping in  the  work  done  by  such  lalK)r:iti tries,  and  it 
is  felt  that  the  time  is  now  specially  opportune  lor 
making  a  ch.inge  in  the  direction  of  co-ordination 
and  combined  organization,  in  order  that  these  experi- 
mental lalxiratorics  may  be  run  at  the  maximum 
national   cflicicncy. 

At  the  out.'»ct  arc  put  forward  arguments  to  show 
the  vital  importance  of  this  neglected  question  and 
the  practical  ne»cssity  of  co-ordination  if  we  arc  to 
meet  successfully  the  aftcr-thc-war  competition  of 
foreign  manufacturers,  mention  being  made  of  how 
oUicr  countries  stand  in  this  respect.  A  scheme  is 
then  prcipoiK^l  in  which  all  the  existing  laboratories 
oi  the  c<iuntry  would  l>c  united  under  one  roof ;  but 
imr"— '•  ■'•  !y  afterwards  this  idea  is  shown  to  be  im- 
pi  As  an  alternative  a  scheme  is  projwiundeil 

wlirti  i.y   the  present  lal-  .ire  retained  in   their 

rxukting    form    and    the  ilion    consists    essen- 

tially of  skilful  oiganizaliuii   tluuugh   a  central   board 


of  control,  .\fter  showing  that  this  scheme  is  no 
Utopian  one.  but  is  perfectly  feasible,  further  details 
are  given  of  the  proposed  co.istitulion  and  working, 
exnct  particulars  being  mentioncil  of  the  rclationsliip 
between  the  lioard  and  the  laboratories,  as  well  as 
the  inventors  of  the  countr\'.  Finally,  conclusions 
are  drawn  and  the  wish  expressed  that  some  scheme 
similar  to  the  one  outlined  may  become  an  actual 
realitj'   of  the  near   future. 

II.  General  Co.vsiderations 

Inlrbittction. — In  July  1914  the  whole  civilized 
world  was  living  more  or  less  in  a  state  of  comfort  and 
ease,  congratulating  itself  ^e  while  that  in  all  respects 
,  it  was  more  civilized  than  .iny  of  its  forerunners. 
Then  came  the  great  cataclysm  which  for  the  last 
four  years  has  made  us  all  remodel  our  creeds  and 
ideas,  causing  us  to  adapt  our  lives  to  the  conditions 
inseparable  from  war.  latterly  our  thinking  men 
have  begun  to  point  out  that  the  present  state  of 
affairs  cannot  last  for  ever,  and  liave  been  asking  us 
to  prepare  for  the  time  which  will  dawn  with  the 
declaration  of  peace.  They  state  with  truth  that  this 
war  will  be  followed  by  a  second  one,  whatever  the 
terms  of  peace  may  bo,  and  that,  moreover,  this  aftcr- 
the-war  stnigglc  will  be  just  as  keen  and  tierce  as 
the  present  one.  The  weapons  thereof  mav  not  be 
as  murderous  and  death-dealing  as  those  employed 
on  the  battlefields  of  France  to-day,  yet  in  the  guise 
of  trade  competition  in  all  corners  of  the  globe  they 
will  be  just  as  sharp.  Victory  will  me.in  life,  whdst 
defeat  will  mean  national  stagnation  and  even  the 
downfall  of  the  race.  Whatever  the  military'  and 
political  result  of  the  present  struggle  may  be,  the  real 
victorT,"  will  lie  with  that  side  which  finds  itself  best 
prepared  for  the  forthcoming  commercial  war,  and 
which  can  recover  its  financial  jvisition  most  quickly 
by  means  of  its  home  and  export  trade,  tjcrmany 
will  strive  harder  than  ever  for  commercial  supremacy, 
and  therefore  it  behoves  us  to  leave  no  stone  un- 
turned to  be  ready  to  meet  her  when  the  time  comes. 
"  IJe  prepare<l  "  must  be  our  motto  in  all  industrial 
and  commercial  problems. 

The  present  age  is  one  of  progress  and  especially 
of  scientific  progress.  The  days  arc  gone  when  the 
greatest  nations  were  known  for  tlu-ir  hunting  piowc.ss, 
there  sense  of  the  beautiful  in  nature  and  architecture, 
or  their  intellectual  writings.  To-day  to  be  a  great 
and  prosperous  nation  implies  to  be  at  the  forefront 
in  scientific  genius,  in  engineering  capacity,  and  in  the 
capability  of  harnessing  or  ordering  the  immeasurable 
forces  of  nature  for  the  benefit  .vid  convmie  ice  of 
mankind  at  large.     There  was  a  tunc  when  this  country 
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was  able  to  hold  its  own  against  any  other  nation 
in  all  branches  of  science,  but  the  opening  years  of 
the  present  century  found  us  rapidly  falling  asleep 
and  allowing  our  present  enemies  to  take  our  place. 
Fortunately  the  events  of  the  past  few  years  have 
made  us  open  our  eyes  to  our  danger,  and  it  may  be 
said  that,  if  this  war  has  any  redeeming  feature  at 
all,  it  is  that  we  have  as  a  nation  been  saved  from 
ourselves  and  have  realized  how  near  to  the  precipice 
we  were.  The  lesson  has  been  a  costly  one,  bought 
not  only  at  the  greatest  imaginable  financial  cost, 
but  also  with  the  blood  of  the  Empire's  nianhood.  If 
we  even  now  refuse  to  learn  the  bitter  lesson,  then  all 
the  sufferings  and  sacrifices  of  our  boys  on  the  battle- 
field  will  have   been   in   vain. 

Importance  of  organization. — The  reasons  for  our 
thus  gradually  losing  our  commercial  supremacy  are 
not  to  be  found  in  any  lack  of  ability  or  want  of  in- 
ventive genius,  because  we  have  never  been  without 
our  great  industrial  leaders  and  our  inventors.  We 
have  had,  and  still  have  to-day,  brains  which  are  equal 
to  those  of  any  other  country  in  the  world.  Nor  is 
the  deficiency  caused  by  any  incapabiUty  to  carry  out 
the  work  prescribed  by  the  biains  of  the  nation.  The 
British  workman  is  uni\-ersaUy  recognized  as  being 
without  his  equal  in  practically  every  branch  of  in- 
dustry. In  other  words  the  material  has  been  there 
all  the  time  and  our  back-sliding  has  been  entirely 
due  to  lack  of  responsiveness  to  scientific  genius  by  our 
responsible  government  authorities,  our  manufacturers, 
and  our  financial  leaders,  as  well  as  to  the  absence 
of  organization.  Many  examples  could  be  given  of 
new  ideas  or  inventions  devised  by  British  brains  which 
have  met  with  absolutely  no  reception  in  their  country 
of  origin  and  have  therefore  as  a  natural  sequence 
been  taken  abroad,  in  many  cases  to  be  eagerly  picked 
up  by  our  present  enemies,  as^  we  have  since  learned 
to  our  sorrow.  If  we  had  been  better  organized,  if 
our  financial  and  manufacturing  leaders  had  supported 
the  men  of  brains,  then  many  such  new  ideas  would 
now  be  in  British  control  and  we  should  have  continued 
to  lead  the  world  instead  of  gradually  giving  place  to 
Germany. 

Turning  to  the  other  side  of  the  question,  we  find 
that  German  brains  are  in  reahty  not  superior  to  our 
own  as  far  as  the  creation  and  development  of  new 
ideas  are  concerned.  It  was  only  through  their  better 
ability  to  recognize  at  a  glance  the  importance  of  new 
designs  or  methods,  that  they  were  getting  ahead 
of  us.  We  have  heard  a  great  deal  during  the  last 
few  years  about  the  engineering  and  commercial 
supremacy  of  Germany,  but  after  having  lived  on  the 
Continent  for  over  five  years,  and  after  mixing  with 
scores  of  Germans  of  all  classes  and  especially  engineers, 
the  author  would  emphatically  state  that  their  average 
intelhgence  is  no  greater  than  that  of  a  batch  of  similarly- 
situated  Englishmen.  As  a  result  of  improved  methods 
of  education  with  special  reference  to  science  and 
engineering,  the  laaowledge  may  be  greater  or  wider, 
but  the  actual  intelhgence  or  genius  is  certainly  not 
superior.  The  only  real  advantage  which  the  German 
firms  have  had  in  the  past  over  British  competitors 
lay  entirely  in   the  capacity  for  organization  and  the 


recognition  of  the  possiblitity  of  raw  ideas  in  order 
to  develop  them  for  the  benefit  of  the  German  people 
as  a  whole. 

At  the  same  time  it  must  be  stated  that  this  capacity 
for  organization  is  not  entirely  inborn,  but  is  mainly 
the  result  of  intensive  training  and  development 
during  the  past  two  generations.  It  therefore  stands 
to  reason  that,  if  we  had  gone  to  the  same  trouble,  we 
could  have  become  at  least  as  proficient  in  the  art. 
This  has  been  proved  time  and  again  during  the  present 
war,  when  the  whole  nation  has  been  faced  with  innumer- 
able problems  of  apparently  insurmountable  difficulty 
and  of  unprecedented  magnitude.  With  one  or  two 
deplorable  exceptions  we  have  come  out  victorious 
every  time,  showing  initiative  and  organizing  talent 
which  has  astonished  our  critics  and  which  has  some- 
times been  described  as  being  worthy  even  of  our 
enemies.  The  "  writing  on  the  wall  "  states  clearly 
to-day  that  we  must  not  let  this  newly-found  talent 
drop  into  disuse,  but  must  apply  it  with  an  even  increased 
vigour  to  the  stupendous  after-the-war  problems 
which  are  already  beginning  to  face  us. 

Iiidividiialism  v.  Collectivism. — Lt  was  stated  above 
that  the  German  organizing  capacity  was  devoted 
to  the  good  of  the  German  nation  as  a  whole.  This 
is  a  most  important  point  and  may  be  considered  as 
the  crux  of  the  whole  question.  The  German  people, 
whether  willingly  or  as  the  outcome  of  its  educational 
system,  or  compelled  bv  force  akin  to  militarism,  has 
been  taught  to  sink  self  for  the  common  good,  to  sacrifice 
individualism  for  collectivism,  to  put  the  "  Vaterland  " 
before  self.  Examples  of  this  fact  are  numerous, 
but  it  will  be  sufficient  to  mention  the  way  in  which 
the  smaller  manufacturing  concerns  have  allowed 
their  personalism  to  be  merged  into  the  collectivism 
of  great  trade  combines,  for  the  purpose  of  conquering 
the  world's  markets  for  the  benefit  of  the  nation  as 
a  whole.  The  Britisher,  on  the  other  hand,  has  as 
an  individual  been  so  proud  of  his  own  prowess  as  to 
want  to  fight  all  his  own  battles,  being  at  the  same 
time  too  stubborn  or  selfish  to  communicate  his  methods 
of  working  to  his  fellow-workers  in  the  never-ceasing 
struggle  for  commercial  supremacy.  This  individualism 
is  to  a  large  extent  due  to  our  insular  position  and  to 
the  life  of  comfort  and  ease  which  we  have,  as  a  nation, 
enjoyed  for  over  a  century.  Indeed,  to  be  independent 
is  in  many  respects  a  praiseworthy  constituent  of  a 
man's  character,  but  tempora  mutantur  and  if  we  don't 
adapt  ourselves  to  changed  conditions,  we  deserve 
to  get  left  behind  in  the  race. 

During  the  present  war  we  have  all  been  to  a  greater 
or  less  extent  forced  to  sink  our  individual  independence 
in  the  national  cause  and  to  give  up  for  the  time  being 
our  personal  freedom.  We  are  bound  by  so  many 
different  ties  to  our  fello\v-countn,-men,  that  we  cannot 
give  rein  to  our  old  selfish  instincts  even  if  we  wanted 
to  do  so.  After  the  war  we  hope  to  regain  our  indi- 
vidual independence,  that  being  of  course  the  whole 
reason  for  the  recent  struggle  in  France,  but  at  the 
same  time  we  must  not  expect  to  be  able  to  throw  off 
all  the  fetters  of  collectivism,  because  the  world  will 
be  a  changed  place  afterwards  and  old  standards  of 
life  will  no  longer  be  applicable.     Certain  of  the  bonds 
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which  bind  us  to  our  fellow-citizens  will  and  must 
remain  as  being  necessary  for  our  continued  existence 
as  a  nation.  One  o(  the  groatest  of  these  rcmainiuR 
bonds  will  be  that  of  commercial  organizations  where 
the  individualism  of  the  separate  firms  bclon'^ng  there- 
to must  be  sacrificed  to  a  certain  extent  in  the  interests 
of  the  meml>ers  as  a  whole. 

In  this  connection  it  should  not  be  forgotten  that 
by  such  co-operation  the  interest  of  the  individual 
will  not  actually  suffer.  The  opposition  to  such  co- 
ordinated action  always  exists  before  formation,  or 
at  any  rate  only  for  a  short  time  afterwards,  because 
the  whole  idea  is  based  U{X)n  the  hi,"pothesis  that  tlie 
individual  cannot  succeed  and  is  bound  to  meet  with 
failure  if  he  stand  alone.  Whilst  the  main  object 
of  such  co-operation  lies  in  the  immediate  welfare 
of  the  nation  as  a  whole,  yet  the  ultimate  prosperity 
of  the  individual  is  bound  up  therewith.  A  successful 
nation  implies  success  among  its  component  citizens, 
and,  conversely,  prosperity  among  the  industries  involves 
a  prosperous  nation.  Although,  therefore,  indiWduals 
and  companies  may  hesitate  about  uniting  themselves 
for  combined  action,  yet  such  hesitation  must  spring 
entirely  from  tempwrarj-  selfishness  or  shortsightedness, 
l>ecause  the  resultant  national  good  cannot  help  but 
rebound  upon   the  individual. 

Co-ordination  in  research. — Apart  from  the  co-opera- 
tive efforts  arising  out  of  or  in  connection  \vith  the 
war,  the  past  two  years  have  seen  the  birth  of  many 
combinations  of  interests  for  the  sole  purpose  of  strength- 
ing  and  extending  t%e  trade  of  the  country  after  the 
war.  \Vc  now  have  several  powerful  banking  amalgama- 
tions to  offer  a  stronger  financial  front  against  external 
competition,  numerous  unions  of  workmen  to  protect 
the  rights  of  the  mdividual  worker,  and  various  associa- 
tions of  employers  to  further  their  different  businesses. 
Among  the  latter  are  to  be  found  financial  combines 
to  assist  the  weaker  members  in  times  of  monetary 
stress,  manufacturing  associations  to  prevent  too 
keen  a  competition  and  too  much  overlapping  between 
the  different  works,  to  say  nothing  of  the  co-operative 
sellmg  organizations  to  simplify  and  cheapen  the 
getlmg  of  orders,  especi.illy  abroad.  In  every  case 
the  fund.amental  principle  underlying  the  co-ordination 
IS  to  Ik:  found  in  the  words  "  unity  is  strength." 

Hut  amongst  all  these  co-operative  organizations 
we  must  look  in  vain  for  the  slightest  approach  to  any 
real  co-ordination  as  far  as  research  into  new  and 
improvc<l  principles  r»r  better  mctliofls  of  manufacture 
is  conrenicd.  It  is  true  that  quite  recently  the  Privy 
Council  appointed  a  Committee  for  Scientific  and 
Industrial  Kcscarch,  which  receivtti  a  grant  of  £1,000,000, 
tofik  over  the  National  Physical  I-ilxjralory,  and  is 
at  present  carrying  out  researches  on  the  production 
of  tin  and  tungsten  in  Cornwall  ;  also  tlxat  a  National 
Fuel  Station  has  liccn  established  at  Greenwich,  that 
a  Bntish  Scientific  Instrument  Research  Association 
has  been  formc«l.  ani\  that  several  other  minor  attempts 
*'  'rih   have  been   m.-idc,   but  ncver- 

tli'  ..il   in.inuf.ictiirer   is   still   content. 

genci,illy  H|«-.iliiiig,  to  )iig  .ilring  on  hia  own.  too  inde- 
petident  or  too  proud  to  serk  the  help  of  his  fcllow- 
workcrt.     Surely,   if    co-opcration     has    proved     itself 


to  be  benefici^il  and  essential  in  the  fields  of  production 
and  distribution,  it  is  only  logical  to  assume  that  co- 
ordination in  the  prcp.iiation  of  ideas  for  production 
would  also  be  advantageous  and  is  indeed  necessary 
to  our  national  trade,  in  order  that  our  resources  in 
men  and  materials  may  be  jtili?:ed  to  the  best  advantage 
and  in  order  that  there  may  be  no  wasteful  overlapping. 
Unfortunately,  the  nee<i  is  not  vet  generally  admitted, 
and  therefore  it  would  perhaps  be  adWsable  to  go  into 
this  question  more  closelv.  especially  in  \-iew  of  the 
fact  that  after  the  war  the  shortage  of  men,  equip- 
ment, and  materials,  will  become  a  still  more  important 
factor. 

It  has  been  pointed  out  that  we  live  in  an  age  of 
progress,  especially  of  scientific  progress,  and  that  the 
race  for  commercial  supremacy  between  the  countries 
of  the  world  after  the  present  war  will  go  to  the  fittest 
in  this  respect.  It  is  a  question  not  merely  of  being 
a  scientific  nation,  but  of  being  a  progressive  one. 
We  must  never  allow  ourselves  to  be  cauuht  napping 
again,  and  we  must  always  be  on  the  look-out  for  new 
principles,  new  applications  for  those  already  known , 
new  spheres  of  use  for  the  same,  new  materials  and 
I  new  articles.  What  is  more,  we  must  know  how  to 
use  these  new  ideas  when  found.  Our  whole  future 
national  economic  life  is  dependent,  to  an  extent  as 
yet  hardly  realized,  on  our  making  continued  scientific 
progress. 

Having  thus  shown  the  importance  and  vital  neces- 
sity of  co-ordination  of  research,   it  is  now  pro]x>sed  to 
see  how  these  can  be  carried  out  in  the  most  satisfau;tory 
manner.     At   the  outset   it  should   be   stated    that  the 
solution   of     the   problem   is   beset   with    innumerable 
difficulties,    there   being   so   many   conflicting   interests 
to    be   propitiated.     Nevertheless,    as   already   pointed 
out,   we  have  in   this  country   the  necessan,'   men   to 
carry  out  the  work,  as  %ell  as  a  great  deal  of  the  needed 
material  equipment,  and  it  is  therefore  only  a  question 
of  deciding  ujxm  the  most  suitable  organization  and  of 
setting  up  the  macliincry  to  look  after    tlie  same.      It 
sliould   perhaps  be  stated   that  it  is  only  proposed   to 
deal  here  with  co-ordination  of  research  as  far  as  technical 
science  and  engineering  is  concerned.     Naturally  every 
other  branch  of  industry  and  science,  such  as  cotton- 
spinning    and    medicine,    could     he    similarly    treated 
or  indeed   afterwards  embodied   in  one  great  national 
scheme,    but   such   branches    lie   outside    the   scope   of 
an  engineering  institution  such  as  ours  and  must  there- 
fore be  left  to  be  taken  care  of  by  their  own  experts. 
When  dealing  witli  national  questions  of  this  nature, 
it  is  usual,  especially  at  the  present  time,  to  see  what 
h.os  already  been  done  and  also  what  other  countries 
are   doing   in    the   matter.     Turning   first   to   America, 
we   find   that   theie  is  no  real  co-ordinated  action  as 
regards    research,    although    each    of    the    large    manu- 
facturing concerns  is  particularly  well-situated  for  the 
carrying    out    of    extensive    exprnmciiUil    work,     the 
.American  General  IClectric  .and  Weslingliouse  Companies 
being  two  of  the  most  noted  in  the  electrical  industry. 
Sinulaily  in   tterin.any  there  is  no  real  m-opcration   in 
research,    allhoiigli    the    Germans    are    olIierwLsc    very 
wide  awake  to  the  advantages  of  co-ordination,  unless 
the  liugc  experimental  departments  of  such  firms  as 
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the  AUgemeine  Elektricitats  Gesellschaft  and  Siemens 
Schuckert  are  considered  as  combines  for  this  purpose. 
Before  the  war  every  German  manufacturing  firm, 
even  the  very  smallest,  had  its  own  well-equipped 
laboratory  with  a  whole-time  experimental  engineer 
and  chemist,  but,  nevertheless,  extreme  secrecy  and 
jealousy  was  the  rule  as  far  as  the  propagation  of 
actual  results  was  concerned,  each  firm  working  strictly 
for  itself.  From  a  perusal  of  the  technical  Press  during 
the  last  four  years,  however,  it  would  appear  as  though 
some  kind  of  co-operation  in  research  were  likely  to 
be  introduced  in  the  near  future,  although  it  is  not 
clear  what  form  this  will  take.  In  Switzerland,  from 
which  country  we  have  a  great  deal  to  learn  on  elec- 
trical matters,  there  is  also  nothing  except  the  labora- 
tories of  the  Schweizerische  Elcktrotechnische  Verein, 
where  experimental  work  is  often  undei  taken  for  the 
different  manufacturers,  but  only  on  a  comparatively 
small  scale.  In  England  itself  we  find  that  in  recent 
years  small  attempts  at  co-operation  have  been  made 
by  the  laboratories  attached  to  universities  and  tech- 
nical institutions,  research  having  been  undertaken  at 
the  instigation  of  several  of  the  manufacturing  concerns 
working  together.  Nevertheless,  the  latter  can  hardly 
be  called  real  co-ordination,  and  it  behoves  us  to  find 
a  better  solution  of  the  problem,  especially  in  the  entire 
absence  of  the  extensive  laboratories  attached  to  works 
such  as  are  found  in  America  and  Germany. 

III.  Co-ordination  in  New  Laboratories. 

Outline  of  scheme. — One  method  of  solving  the 
problem  would  be  to  erect  an  entirely  new  national 
research  laboratory  or  a  series  of  laboratories  to  deal 
with  the  different  branches  of  science.  Such  an  insti- 
tution would  have  to  be  built  entirely  at  tlie  national 
expense,  as  the  outlay  would  be  too  enormous  to  be 
dealt  \vith  satisfactorily  by  anj''  combined  efforts  of 
the  existing  universities  and  manufacturing  concerns. 
The  site  for  such  a  research  centre  would  have  to  be 
suitably  chosen,  away  from  the  disturbing  electrical 
influences  and  the  dusty  atmosphere  usually  associated 
with  our  towns  and  cities,  although  on  the  other  hand 
it  would  have  to  be  as  near  as  possible  to  the  industrial 
centre  of  gravity  of  the  country.  The  staff  would 
consist  entirely  of  trained  engineers  with  technical 
assistance,  well-versed  not  only  in  research  work  but 
also  in  the  requirements  of  modem  engineering  practice. 
The  control  of  the  laboratories  might  be  in  the  hands 
of  a  salaried  committee  appointed  by  the  Government, 
and  consisting  of  engineers  representative  of  the  various 
universities  co-operating  and  of  the  different  industries 
interested  in  the  research  undertaken.  The  adminis- 
trative and  financial  side  could  be  controlled  by  other 
members  of  the  governing  committee,  selected  more 
for  their  ordinary  business  ability  than  for  their  engi- 
neering capabilities,  although  the  engineering  interests 
would  have  to  be  in  the  majority,  as  the  whole  concern 
would  be  run  as  a  Government  department  and  would 
not  be  worried  about  making  dividends. 

The  laboratories  would  take  over  the  whole  of  the 
pure  research  work  at  present  undertaken  by  univer- 
sities, colleges,  technical  institutions,  and  certain 
private  laboratories,  as  well  as  that  carried  out  in  the 


special  works  laboratories  attached  to  some  of  our 
larger  manufacturing  concerns.  No  attempt  would 
be  made  to  interfere  with  the  ordinary  commercial 
tests  carried  out  daily  in  the  above-mentioned  labora- 
tories, nor  yet  with  the  usual  routine  tests  of  the  students 
in  the  laboratories  of  the  training  institutions.  The 
subjects  for  research  would  be  suggested  by  the  manu- 
facturers or  the  university  authorities,  who  would  at 
the  same  time  be  consulted  as  to  what  had  already 
been  done  in  that  particular  line,  and  who  would  also 
be  asked  to  submit  proposals  as  to  the  best  method 
of  carrying  out  the  experiments  and  as  to  the  results 
desired.  As  soon  as  a  research  had  been  brought  to 
a  successful  conclusion,  the  results  would  be  communi- 
cated to  all  British  manufacturers  who  had  previously 
declared  themselves  to  be  interested  in  the  subject 
under  research  and  who  promised  to  treat  the  infor- 
mation as  confidential,  making  use  of  the  same  entirely 
in  the  interests  of  national  trade.  Due  precautions 
would,  of  course,  have  to  be  taken  to  ensure  that  the 
British  rights  were  not  in  any  way  infringed  by  foreign 
competitors,  this  being  possible  through  the  existing 
international  patent  laws. 

Impracticability. — The  above  presents  merely  an 
outline  of  one  possible  scheme  of  co-ordinated  research, 
and  no  attempt  has  been  made  to  give  details  of  working. 
Indeed  it  is  not  worth  while  going  into  the  proposal 
more  closely,  as  it  possesses  so  many  inherent  disadvan- 
tages as  to  make  it  impracticable  of  execution.  For 
example,  the  cost  alone  is  almost  sufficient  to  condemn 
the  scheme,  as  there  is  not  only  the  initial  cost  of  the 
buildings  and  equipment  but  also  the  expenses  of 
upkeep  and  salaries  to  consider.  In  order  to  provide 
buildings  worthy  of  the  whole  engineering  industry 
of  the  country  and  adequate  for  present  and  future 
requirements,  many  milhons  of  pounds  sterling  would 
be  required,  and  such  sums  are  difficult  to  obtain  from 
Parliament  even  for  an  important  national  work  of 
this  nature,  although  the  time  for  such  expenditure 
was  never  so  propitious  as  it  is  at  present.  In  addition 
there  is  tlie  important  question  of  choosing  a  suitable 
site  for  the  erection  of  the  building.  As  pointed  out, 
the  vicinity  of  an  industrial  town  is  unsuitable,  and 
indeed  the  large  area  of  land  required  is  almost  sufficient 
to  prohibit  such  a  choice.  A  site  would  therefore 
have  to  be  selected  out  in  the  country,  and  then  there 
arises  the  necessity  of  providing  housing  facilities 
for  the  staff.  Furthermore,  there  would  be  great 
difficulties  in  staffing  an  entirely  new  institution  such 
as  the  one  proposed.  At  a  moderate  estimate  several 
hundred  fully-qualified  university-trained  engineers  and 
several  more  hundred  technical  assistants  would  be 
required,  to  say  nothing  of  the  clerical  staff.  It  would 
be  exceedingly  difficult  to  find  this  number  without 
taking  away  from  the  existing  laboratories  men  engaged 
in  commercial  and  routine  testing,  where  after  the 
war  they  will  be  needed  more  than  ever. 

A  further  disadvantage  lies  in  the  practical  impos- 
sibility of  finding  a  sufficient  number  of  men  with 
the  necessary  temperament  and  ability  to  concentrate 
their  entire  attention  on  research.  It  has  been  truly 
said  that  inventors  are  born  and  not  made,  men  of 
the  Edison  type  being  few  and  far  between.     Most  of 
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the  great  inventions  of  the  world  have  l->ecn  developed 
by  men  who  were  in  fact  only  capable  of  working  in 
one  limited  direction,  and  whose  fructivity  came  to 
an  end.  as  far  as  new  ideas  were  concerned,  the  moment 
they  had  brought  one  paiticular  research  to  an  end 
and  perfected  one  particular  idea.  In  other  words, 
nearly  all  the  improvements  and  inventions  of  tlie 
past  have  been  the  result  of  the  labours  of  scientists 
or  engineers  who,  more  by  chance  than  anything  else, 
hit  upon  a  new  theors'  or  idea,  and  who  continued 
their  ordinary  daily  routine  work  as  soon  as  the  idea 
in  question  had  been  successfully  developed.  There 
are.  of  course,  exceptions  to  this  rule  :  but,  generally 
speaking,  it  is  impossible  to  engage  an  inventor  as 
such  and  tell  him  that  for  a  given  remuneration  he 
is  to  spend  eight  hours  a  day  dex-ising  and  perfecting 
new  ideas.  Not  only  would  such  work  be  exhausting, 
but  from  its  vcr>-  nature  the  monotony  would  speedily 
lead  to  entire  barrenness. 

IV.    Co-ORDISATION    OF   E.XISTING    LABORATORIES. 

General  principles. — For  the  above  reasons  the  whole 
proposal  to  erect  a  new  national  research  laboratory 
and  to  employ  whole-time  inventors  may  be  abandoned 
as  being  impracticable.  As  an  alternative  scheme, 
use  could  be  made  of  the  existing  laboratories  of  the 
countr>-  such  as  are  to  be  found  in  connection  with  all 
our  universities,  colleges,  technical  institutions,  and 
most  manufacturing  concerns.  Although  perhaps  we 
have  still  a  great  deal  to  learn  from  foreign  countries 
as  regards  adequate  facilities  for  research,  yet  we 
undoubtedly  possess  many  absolutely  fir.st-ratc  research 
laboratones  where  much  excellent  work  has  been  and 
is  being  done.  Surely  then  it  is  only  right  that  these 
and  their  trained  staffs  should  by  suitable  organization 
be  utilized  to  form  the  nucleus  of  any  scheme  of  national 
co-ordinated  research.  This  is  indeed  the  basis  of  the 
scheme  which  is  now  prop)undcd  and,  as  such  a  scheme 
appears  to  offer  the  only  practicable  S4)lution  of  the 
problem,  it  is  proposed  to  go  into  details  at  some  length. 
It  should  be  pointed  out  that  this  scheme  has  only 
been  put  forward  after  taking  into  full  consideration 
the  actual  research  facilities  and  engineering  as  well 
as  organizing  talent  at  our  disposal,  not  forgetting  at 
the  same  time  our  national  conservatism  or  distrust 
of  drastic  clianges.  It  is  not  pretended  tliat  the  scheme 
.IS  here  outlined  represents  the  only  workable  arrange- 
ment in  all  its  details,  there  being  so  many  factors 
to  be  considered  and  interests  to  be  consulted  that 
actual  details  cannot  possibly  l>e  settled  until  the 
gcn<-ral  necessity  and  feasibility  of  the  idea  have  been 
accepted.  Nevertheless,  an  attempt  will  be  made  to 
pn<vc  that  the  scheme  here  put  forward  not  only  is 
Icimblc  but  also  has  special   inherent  advantages. 

UncMy  outline<l,  the  scheme  consists  in  centralizing 
under  one  Imard  or  committee  the  control  of  all  the 
r'-  lio<l  to  the  universit  1  's, 

ai.  nf  the  country,  ;<  of 

a  Iaihc  iiuiiiU  r  nf  Htiml.it  cxpennimtal  laUiratones 
connected  with  private  works.  Su<  h  a  Uiard  would 
keep  full  record*  of  what  each  in<liviiliial  laljoratory 
waji  doing,  and  would  rtxcivr  all  imjuincs  lor  research 
work  to  t>c  done,  whrtlicr  the  same  came  from  inside 


or  outside  the  laboratories  in  question.  Furthermore, 
the  board  would  keep  all  published  research  records 
of  the  world  and  would  thus  be  able  to  guide  individual 
laboratories  in  their  work.  The  board  would  be  in- 
vested with  full  powers  to  order  any  laboratory  to 
undertake  certain  research  work  or  to  leave  another 
research  alone,  or  indeed  to  transfer,  if  considered 
advisable,  part  of  its  equipment  and  personnel  to 
another  laboraton,'.  I-'inally,  all  new  discoveries  would 
be  communicated  to  the  board,  which  would  at  its 
discretion  publish  tlie  same  openly,  or  else  give  them 
or  sell  tliem  as  trade  secrets  to  interested  British  manu- 
facturers or  combines. 

Personnel. — In  the  first  place  lot  us  consider  the 
central  board  of  control  which  would  have  to  be  set 
up.  This  could  be  composed  of  private  individuals 
representing  the  various  interested  laboratories,  manu<- 
facturers,  and  technical  societies,  or  it  could  consist 
of  a  Government  Ministry  corresponding  to  the  present 
Department  of  Scientific  and  Industrial  Research,  or  of  a 
Government  Department  similar  to  the  IJoard  of  Trade. 
Owing  to  the  many  conflicting  interests,  and  in  order  to 
give  the  whole  scheme  full  legal  powers  at  less  trouble 
and  expense,  direct  Government  control  is  favoured, 
and  it  is  proposed  that  the  existing  Research  Department 
should  take  over  the  work.  Naturally  the  Ministry 
or  Board  itself  would  have  to  be  composed  of,  or  at 
any  rate  assisted  by,  experts,  among  whom  engineers 
would  be  in  the  majority,  the  latter  being  nominatcil, 
say  annually,  by  the  universities,  the  manufacturing 
organi /rations,  and  the  larger  technical  societies  such 
as  the  Royal  Society  and  tlic  Institutions  of  lilcctncal 
and  Mechanical  Engineers.  Possibly  it  would  be 
sufficient  for  the  President  of  the  Board  alone  to  be 
a  member  of  the  Government,  the  ordinary  members 
being  not  necessarily  even  Members  of  Parliament, 
but  being  elected  to  the  btiard  purely  on  account  of 
their  scientific,  engineering,  or  business  qualifications 
for  the  work.  It  is  suggested  that  the  l>oard  should 
consist  of  alx)ut  20  members  and  that  meetings  should 
be  held  ever\'  two  months.  Naturally,  temporary  or 
permanent  committees  could  be  formed  to  deal  with 
special  sections  of  the  work,  and  to  these  could  also 
be  appointed  outsiders  whose  specialized  knowledge 
might  be  of  use.  All  committees  would  of  course  be 
solely  responsible  to  the  Iward.  It  is  suggested  that 
the  scats  on  the  l>oard  and  committees  be  honorary 
except   for  remuneration   for  expenses. 

The  exctutivc  of  the  Ivtard  would  be  investc«1  in  a 
whole-time  salaried  <lirector-in-chicf  assisted  by  a 
number  of  section  directors,  who  will  l>c  discussed 
later.  The  director  himself  would  be  selected  chiefly 
on  his  merits  as  an  organizer,  because  upon  him  would 
rest  practically  the  entire  responsibility  for  the  success- 
ful carrying  out  c)f  the  whole  scheme.  Naturally  he 
woulcl  have  to  have  a  first-clxss  knowledge  of  scicnfilic 
and  engineering  achievements  and  requirement*,  as 
well  as  cxpcrirnce  in  .v.tual  manufacturing  work,  but 
his  rliirf  qiialiliration  would  l>e  that  of  organization 
and  ability  to  control  in  the  right  ch.^nnrl  the  immense 
volume  of  work  which  would  of  necessity  p.\.ss  through 
his  <lcpartmcnt.  In  view  of  the  great  national  imporl- 
i   ancc  of  tlic  whf)lc  scheme  it  is  proposed  that  the  remimcr 
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ation  of  the  director-in-chief  should  not  be  less  than 
;^4,ooo    per   annum. 

As  assistants  to  the  director-in-chief,  but  under  his 
control,  would  be,  say,  seven  section  directors,  each 
of  whom  would  take  charge  of  one  of  the  niain  sections 
into  which  the  work  of  the  board  would  be  divided. 
For  a  commencement  the  following  sections  could  be 
instituted,  viz.  electrical,  mechanical,  chemical,  civil, 
niining,  aeronautical,  and  agricultural  engineering. 
These  seven  sections  are  by  no  means  all  that  could 
eventually  be  dealt  with  under  the  proposed  scheme, 
but  they  represent  the  main  divisions  with  which  a 
start  could  be  made.  Possibly  certain  sections  could 
be  incorporated  in  others,  or,  on  the  other  hand,  after 
due  investigation,  entirely  new  ones  might  be  deemed 
to  be  necessary.  In  any  case  each  section  director 
would  be  selected  on  the  grounds  of  general  knowledge, 
both  theoretical  and  practical,  of  the  branch  of  engi- 
neering in  question,  his  organizing  ability  being  of 
secondary  importance,  as  the  same  would  be  looked 
after  by  the  director-in-chief.  Here  again  the  salary 
should  be  in  accordance  with  the  national  importance 
of  the  work,  and  ;^2,ooo  per  annum  is  suggested  as 
being  a  fair  figure  to  attract  the  right  man. 

Each  engineering  section  would  be  further  divided 
into  a  number  of  sub-sections,  each  dealing  with  a 
specialized  branch  of  that  particular  section.  For 
example,  the  electrical  engineering  section  could  contain 
separate  sub-sections  to  deal  with  telephone  and  tele- 
graph apparatus,  generators  and  motors,  switches, 
medical  appliances,  insulating  material:,,  electro-chemical 
processes,  measuring  instruments,  etc.  Each  of  these 
sub-sections  would  again  be  under  the  control  of  an 
expert  engineer  in  the  particular  branch,  all  of  whom 
would  be  responsible  to  the  section  director.  As  salary 
for  these  sub-section  engineers  /i,ooo  per  annunr  is 
suggested,  although  this  sum  could  perhaps  be  varied 
to  suit  the  importance  and  size  of  the  sub-section  in 
question. 

In  addition  to  these  sub-section  engineers  there 
would  be  emploj'ed  a  number  of  trax'elling  engineers 
in  each  section,  who  would  work  parallel  to  the  sub- 
section engineers  under  the  section  director,  but  who 
would  not  necessarily  be  attached  to  any  particular 
sub-section.  The  duty  of  these  travelling  engineers 
would  be  to  visit  the  various  laboratories  under  the 
control  of  the  board,  to  interview  private  inventors 
in  different  parts  of  the  country,  and  to  collect  general 
and  detailed  reports  from  all  parts  upon  the  progress 
of  research  work  or  the  need  for  the  same.  For  such 
men  a  minimum  salary  of  ;^5O0  per  annum  should  be 
paid,  as,  in  addition  to  being  trained  engineers,  they 
would  have  to  be  quick  at  grasping  new  ideas  for  research, 
and  to  have  a  good  eye  for  determining  whether  a 
proposed  new  idea  were  worth  investigating  and  develop- 
ing. In  addition  they  would  have  to  be  able  to  make 
out  concise  and  accurate  reports  of  the  work  inspected. 

Apart  from  the  administrative  and  engineering  posts, 
all  of  which  would  require  really  first-class  university- 
trained  men,  it  would  of  course  be  necessary  to  have 
a  supporting  staff  to  assist  the  various  directors  and 
engineers  in  the  preparation  of  technical  specifications 
and    working    instructions    for    the    laboratories.     As 


members  of  such  technical  staffs  younger  engineers 
at  salaries  of  from  ;^200  to  ;£3oo  could  be  engaged, 
such  men  being  selected,  say,  from  the  imiversities 
direct  and  being  afterwards  eligible  for  the  higher 
posts  under  the  board.  The  only  other  personnel 
demanded  under  the  scheme  would  be  clerical  staff 
to  look  after  the  book-keeping,  to  write  letters  under 
the  dictation  of  the  engineering  staff,  and  to  keep 
the  records  of  work  done  by  the  laboratories. 

Executive  biiildings. — As  regards  the  buildings  and 
equipments  necessary  for  the  schenae,  it  is  obNaous 
that  all  that  is  required  is  a  central  suite  of  offices 
for  the  engineering  staff,  with  rooms  for  board  and 
committee  meetings.  The  situation  of  such  offices 
should  be  as  near  as  possible  to  the  central  gravity  of 
the  system  of  laboratories  under  the  control  of  the 
board,  for  which  reasons  London  is  hardly  to  be  recom- 
mended. London  is  of  course  the  capital  of  the  country, 
and  the  tendency'  during  recent  years  has  been  to 
allocate  the  main  offices  of  all  large  business  concerns 
to  the  capital.  .At  the  same  time,  however,  London 
is  by  no  means  the  manufactaring  or  enginee.ing  centre 
of  the  countr}-,  and  some  city  which  is  better  situated 
geographically  should  perhaps  be  chosen.  Manchester, 
Birmingham,  Leeds,  or  Sheflield  are  all  better  placed 
in  this  respect,  and  the  question  of  the  position  of 
the  central  offices  would  also  require  careful  considera- 
tion because  London  has  as  nrany  disadvantages  as 
advantages. 

In  any  case,  whatever  city  be  chosen,  there  would 
be  no  need  to  erect  a  new  building,  at  any  rate  for 
the  commencement.  The  requirements  of  the  staff 
would  not  be  anything  abnormal,  and  there  are  many 
existing  office  blocks  which  could  be  utilized  either 
with  or  without  alterations.  This  will  be  especially 
the  case  at  the  conclusion  of  the  war,  when  numerous 
suites  will  be  vacated  by  temporary  war  departments. 
All  that  would  be  necessary  would  be  individual  offices 
for  the  directors  and  chief  engineers,  common  offices 
for  the  assistant  and  travelling  engineers,  several  small 
drawing  offices,  offices  for  the  typing  stafi,  and  fire- 
proof storerooms  for  the  files  and  records.  Later  on, 
a  new  national  building  could  be  erected  embodying 
the  experience  obtained  in  temporary  premises,  but, 
to  begin  with,  this  would  not  be  necessarj'  and  existing 
offices  could  be  rented.  The  cost  of  the  same  is  difficult 
to  estimate,  as  it  would  vary  within  wide  limits  depend- 
ing upon  the  situation,  but  approximately  i^5,ooo  per 
annum  may  be  put  down  for  this  item. 

Records  office. — Passing  now  to  the  actual  connection 
between  the  board  and  the  laboratories,  it  should  be 
stated  that  this  depends  to  a  very  large  extent  upon 
an  efficient  svstem  of  keeping  the  records  of  all  research 
done.  Each  laboratory  would  in  the  first  place  send 
in  full  details  ^.s  to  its  equipment  and  personnel,  with 
exact  particulars  of  the  proportion  of  the  same  which 
were  available  for  research  purposes.  Furthermore, 
the  reports  would  embrace  schedules  of  the  charactojr 
of  the  researches  being  undertaken  at  the  time,  with 
details  as  to  the  progress  up  to  date.  In  the  mean- 
time the  board  would  invite  the  manufacturers,  engi- 
neering societies,  and  general  public  to  send  in  suggestions 
for  further  research.     All  these  reports  would  be  care- 
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f  .  -   ■      '    md  catalogued  by  the  central 

>•.  led  up  on  the  cards  o(  a  card 

roRistcr.  It  would  llii-n  be  the  dutj*  of  the  cnginoering 
stall  under  the  guidance  of  the  director-in-chief.  assisted 
by  the  sub-directors,  to  look  up  and  catalogue  all 
published  accounts  of  research  and  progress  on  the 
subjects  in  question,  giving  in  each  case  the  reference. 
This  .  •  '  1?  would  naturally  involve  a  great  deal 
of  ca:  .  but,  after  all.  it  is  only  wliat  e;ich  indi- 

V  .outer  docs   or   should   do   to-day   if   he 

1-  It  wriiiUi   moan  searching  through  our 

1.  ics  for  books  and  pubhcatioiis 

s  .■■rwise  never  have  been  lingerod 

ag.iin.  as  well  as  making  frequent  references  to  the 
Patent  Office.  Indeed,  it  might  ultimately  be  advisable 
to  send  engineers  to,  or  appoint  engineering  correspon- 
dents in,  foreign  cities  to  collect  and  translate  reports 
from  the  libraries  there. 

This  collection  of  infonnation  would  in  itself  involve 
an  enormous  amount  of  work,  but  tlie  results  would 
be  of  such  immense  national  value  that  the  time  spent 
wi.uld  l>c  fully  justified.  We  should  finally  have  an 
al>s<ilule  gold-mine  of  infonnation  not  only  on  research 
matters,  but  also  of  scientihc  and  engineering  progress 
throughout  tlie  world.  It  could  then  be  said  with 
truth  tliat  British  industrial  research  rested  on  a 
thoroughly  solid  foundation,  superior  to  that  of  any 
other  country.  We  should  probably  discover  that 
in  the  case  of  a  great  deal  of  present-day  research  the 
same  ground  was  already  covered  many  years  ago 
but  abandoned  as  being  fruitless.  Such  overlapping 
and  waste  of  time  could  be  immediately  stopped.  On 
the  other  hand,  there  might  be  unearthed  old  researches 
of  30  j'cars  ago  wluch  at  the  time  had  led  to  nothing 
but  which  in  the  light  of  present-day  knowledge  might 
be  pursued  furtlicr  and  carried  to  successful  conclusions. 

It  would  of  course  be  impossible  to  investigate  all 
subjects  for  rosf-arrh  in  this  thorough  manner  right 
at  til'  •  would  therefore  be  made 

wi'.li    •  lieing   dealt  with   by   the 

I  s  .\s  soon  as  all  the  available  matter  on 
<■  ; --  ular  subject  had  been  collected,  it  would  be 
communicated  direct  to  the  laboratory'  or  laboratories 
which  were  working  thereon  or  which  had  exprcs,sed 
an  interest  therein.  The  method  of  communicating 
such  1,         ■    ■   ■    would  var\"  according  to  circumstances. 

II  til'  of  matter  was  not  too  great,  a  typed 
I  'natively  one  of  the  travel- 
1  ■  'T  who  had  lx*en  handling 
the  case  could  go  down  in  pcrscjn  to  the  university 
and  give  a  verbal  report.  On  the  other  hand,  if  the 
■ubjcct  matter  were  of  more  general  importance,  a 
pnntcd  report  would  be  justihabic  so  that  it  could  be 
circulated  more  widely.  As  soon  as  tlie  laboratory 
f'            ■                     .t  would  at  once  Ik-  aijle  in  conjunc- 

I   to  dTJdn  wlii'tlicr  It   was   worth 
^'  ongMial  lines  or 

*  li  olf  in  another 

''  n   the  expcrimrms  altopether.     In 

'■•  t  "(  tw.i  'ir  111. .11'  lalxjiatones  un- 

known t<i  .  ly  the  same  hncs, 

the  lM>ard  '.'. .,....-   ;,.,   ^>.ii »  I'lwcni  to  command 

Ihc   transfer,  for  the  tunc  b*-ing.  Irom  one  lalxjratory 


to  another  of  any  equipment  or  personnel.  On  the 
other  hand,  if  it  should  turn  out  that  a  particular 
laboraton.'  was  not  being  us'jfully  employed,  the  board 
could  order  it  to  take  up  one  of  the  resc.-irchcs  suggoste-1 
by  outsiders,  giving  at  the  same  time  a  rough  outline 
of  the  work  to  be  done  and  supplying  full  repoits  of 
previous  researches,  if  any,  on  the  same  subject. 

Vniversitv  hihoratorus. — From  what  has  been  said, 
it  might  appear  as  though  the  board  were  to  take 
absolute  control  of  the  university  laboratories.  This 
is,  however,  not  so  at  all.  as  the  powers  exercised  by 
the  board  would  only  be  similar  to  those  of  the  existing 
Board  of  Education.  The  latter  controls  the  work 
done  in  the  schools  and  universities  of  the  country. 
specifAang  certain  methods  of  working  and  stating 
definite  results  which  have  to  be  acliieved,  without 
any  actual  interference  in  the  ownership  or  manage- 
ment. So  it  would  be  with  the  Board  of  Research. 
The  various  university  laboratories  would  still  be  used 
for  trading  purposes  as  they  are  at  present,  and  the 
ordinan,'  degree  or  diploma  courses  would  not  have 
to  be  altered  in  the  slightest.  But  such  laboratories 
exist  not  only  for  routine  training  work,  but  also  for 
carrying  out  absolutely  new  experimental  work,  and 
it  is  this  latter  alone  which  would  be  affected.  The 
board  would  work  hand  in  hand  with  the  various  boards 
of  management  of  the  universities,  and  would  merely 
order  tliat  specilied  research  work  had  to  be  unilertaken 
with  certain  eiiuipment  during  a  certain  time,  giving 
at  the  same  time  general  instnictions  as  to  the  carrying 
out  of  the  research  and  also  supfilying  all  available 
information  on  the  subject  from  the  central  library. 
The  actual  details  of  the  experiments,  as  well  as  the 
selection  of  the  personnel  to  carry  out  the  tests,  would 
as  a  rule  be  left  to  the  university  authorities. 

In  the  above-outlined  control  of  the  board  over  the 
university  laboratories  it  has  been  assumed  that  the 
exact  powers  exercisable  would  be  defined  by  .\ct 
of  I'arlianicnt.  This  is,  however,  not  absolutely 
essential,  and  the  scheme  would  probably  work  quite 
smoothly  on  a  volunt:ir\'  basis  without  any  special 
legal  powers,  provided  each  party  worked  in  a  spirit 
of  give  and  take,  rcaliring  the  while  that  the  co-ordin- 
ation was  not  only  to  their  mutual  advantage  but  also 
I  lor  the  benefit  of  the  nation.  On  the  other  hand, 
I  cases  might  arise  where  the  university  maintained 
I  that  the  Ixiard  in  its  demands  was  exceeding  its  rights, 
or  wliere  the  university  refused  to  carry  out  an  order 
whicit  the  boanl  after  due  dchl>eration  considered  to 
be  expedient.  I'"or  these  reasons,  therefore,  it  would 
perhaps  be  .advisable  to  have  the  exact  rnlatio-iship 
between  one  party  and  the  other  defined  by  Parliament. 
An  Act  for  this  puqiose  would  obviously  not  need  to 
be  of  a  complicated  nature,  and  would  only  have  to 
set  forth  the  objects  and  constitution  of  the  board  and 
state  the  limits  beyond  which  the  board  could  not 
Older  the  university  to  go.  If  the  clauses  of  the  Act 
were  carefully  formulated  after  due  consultation  of 
nil  the  parties  iiiterostifl,  there  ought  not  to  be  any 
ditticulty  in  obtaining  parliamentary  sanction,  especially 
at  the  present  time. 

By  this  means  the  individual  freedom  of  the  univer- 
sities would  not  be  hampered  at  all  by  the  scheme  as 
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far  as  the  ordinary  training  classes  were  concerned. 
Indeed  the  university  authorities  in  general  ought  to 
be  only  too  glad  to  receive  from  the  board  suggestions 
for  research,  as  at  present  it  is  no  uncommon  occunence 
for  universits'  professors  to  be  at  a  loss  to  find  suitable 
subjects  for  research  for  all  the  students  who  desire 
to  be  put  on  to  such  work.  Under  the  proposed  scheme, 
not  only  would  the  university  authorities  be  helped 
in  this  respect,  but  also  the  staff  and  students  would 
take  more  interest  in  their  work,  knowing  that  what 
they  were  doing  was  not  merely  of  academic  but  also 
of  national  commercial  value.  Moreover,  the  students 
who  succeeded  in  bringing  their  particular  researches 
to  successful  conclusions  would  afterwards  stand  a 
much  better  chance  of  obtaining  employment  with 
the  manufacturing  concerns  which  subsequently  took 
up  the  ideas  involved  in  the  researches.  This  fact 
alone  would  act  as  an  inducement  to  students  to  con- 
tinue their  studies  for  a  fourth  or  fifth  year,  and  indeed 
would  attract  to  the  universities  men  who  would  other- 
wise for  financial  reasons  hesitate  before  taking  up 
the  ordinary  imiversity  courses.  By  this  means  the 
number  of  students  would  be  increased,  and  we  should 
eventually  have  in  this  country  the  same  proportion 
of  university-trained  men  as  are  to  be  found  in  America 
or  Germany. 

Student  experimenters. — -To  digress  somewhat  from 
the  discussion  of  actual  research  to  the  question  of 
the  supply  of  students  to  carry  out  such  work  in  the 
university  laboratories,  it  is  interesting  to  know  that 
just  before  the  outbreak  of  the  war  there  were  only 
about  5,000  university  students  in  this  country,  com- 
pared with  over  10,000  in  Germany  and  approximately 
20,000  in  America.  To-day  it  is  universally  acknow- 
ledged that  much  of  the  trade  success  of  these  two 
countries  during  the  last  few  decades  is  to  be  traced, 
directly  to  the  careful  technical  training  received  by 
all  those  occupjdng  responsible  positions  of  any  kind 
on  the  manufacturing  or  selling  staffs.  We  in  this 
country  have  by  no  means  been  standing  still  during 
this  time  as  far  as  technical  education  is  concerned, 
but  nevertheless  we  have  not  made  the  progress  which 
we  might  and  ought  to  have  done.  If,  however,  we 
really  intend  to  recapture  our  lost  commercial  supremacy 
after  the  war,  then  we  must  undoubtedly  see  to  it  that 
more  of  our  young  men  are  persuaded  to  enter  the 
universities,  so  that  our  industries  may  have  a  con- 
tinuous and  sufficient  supply  of  technicallj-trained 
assistants  to  draw  upon. 

The  reason  why  we  have  in  the  past  suffered  from  a 
lack  of  such  men  was  as  a  rule  not  to  be  found  in  any 
deficiency  in  the  facihties  offered  by  our  training  insti- 
tutions, nor  yet  in  a  want  of  willingness  or  abihty  on 
the  part  of  our  boj's  leaving  school,  but  in  the  financial 
incapacity  of  the  parents  to  allow  the  boys  to  continue 
their  technical  studies.  Thanks  to  the  magnificent 
system  of  scholarships  prevailing  in  this  country,  boys 
with  the  necessary  ability  can  now  pass  right  through 
the  universities,  even  if  they  are  unable  to  contribute 
a  single  penny  themselves.  At  the  same  time,  however, 
there  are  thousands  of  middle-class  parents  who  will 
not  accept  this  form  of  charity  and  who  would  be  pre- 
pared nevertheless  to  send  their  boys  to  the  universities, 


even  if  to  do  so  involved  making  a  family  financial 
sacrifice,  provided  the  boys  were  more  or  less  sure 
of  obtaining  satisfactorv  self-supporting  posts  as  soon 
as  their  studies  were  completed.  Unfortunately,  before 
the  war  too  many  of  our  university-trained  men  had 
to  begin  work  as  "  em.'ineers  "  at  salaries  of  25  or  30 
shilUngs  per  week,  which  meant  that  they  were  abso- 
lutely unable  to  repay  anything  to  their  parents  for 
the  sacrifices  which  had  been  made  on  their  behalf, 
and  indeed  in  man}^  cases  the  parents  had  to  continue 
to  assist  in  their  upkeep  for  several  years. 

The    position    of    technically-trained    men    after    the 
war  will  most  certainly  be  better  than  it  was  before, 
and   such   starvation    salaries    as   those   quoted    above 
will  hardly  be  offered.     This  fact  in  itself  will  tend  to 
attract  more  boys  to  enter  our  universities  and  colleges, 
but  the  inducement  would  be  stiU  greater  if  the  boys, 
and  especially  the  parents,  were  sure  that  in  the  ordinary 
course  of  their  studies  they  would  be  called  upon  to 
carry  out  commercial  research  which  would  bring  them 
in  contact  with  manufacturers  and  others  able  to  assist 
them  later  on  to  obtain  a  satisfactory  start  in   tlieir 
career.     This   question    of   the    supply    of   students   is 
by  no  means  an   unimportant   factor  of  the  proposed 
systein    of    co-ordination    research,    because    even    at 
present   the   research   in    university   laboratories    relies 
entirely  upon  the  actual  students  to  do  the  work,  under 
the   supervision   of   course   of   the   professors    and    the 
paid  staff.     Seeing  therefore  that  the  proposed  scheme 
intends  to  make  use  of  the  existing  university  organiza- 
tions, it  is  necessary  to  make  sure  not  only  that  the 
requisite   number   of   students   is   there   now   to    meet 
present   needs,   but   also   that   the   supply   of  students 
keeps  up  with  the  increasing  demand  as  the  activities 
of  the  research  board  extend.     For  the  reasons  already 
given,   however,   there  should  be  no  difficulty  in   pro- 
curing  the   desired    number   of   students   to    man    the 
laboratories,  and  indeed  the  scheme  should  be  welcomed 
by  the  university  authorities  on  these  grounds  alone. 
I   Moreover,   if  the   board   were  made  financially   strong 
j    enough  to  offer  adequate  remuneration,  it  would  prob- 
1   ably  be  found   that   the  scheme  would   attract   to  the 
j   universities  for  research  pui-poses  older  men  who  have 
j   ideas  worth  developing  but  who  have  not  the  necessary 
facilities  or  financial  means  for  doing  so  by  themselves. 
Works    laboratories. — So    far    the    university    labora- 
tories alone  have  been  considered,   although  naturally 
if  the  scheme  is  to  be  trulv  national  in  character  the 
laboratories  run  by  manufacturing  concerns  must  also 
be  included.     As  has  already'  been  pointed  out,  there 
are  in  this  country  a  great  number  of  well-equipped 
works  laboratories,  even  if  the  majority  are  not  up  to 
the  standard  of  those  found  in  Germany  or  America. 
These   laboratories    must   certainly   participate   in    the 
scheme    of    co-ordinated    research,     because    there    is 
perhaps    more   overlapping    and    groping   in    the   dark 
here  than  in  the  case  of  university  laboratories.     That 
this  is  so,  and  is  indeed  practically  unavoidable  under 
■    present  conditions  of  working,  is  clear  from  the  very 
nature   of  such   laboratories.     In   the   first  place   they 
generally   attempt   too   many   researches   at   once   and 
are   not   properly   equipped   to   do    any   one   of   them. 
,    Secondly,    they   are   usually  in   charge   of  an   engineer 
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whose  main  business  consists  in  selling  as  much  stuff 
as  piis---il->!'>  .ind  who  has  therefore  not  the  necessary 
time  ;  '   to  all  the  numerous  details  connected 

with  I  ital  work.     Thirdlv.  it  is  impossible  (or 

each  works  laborator>'  to  be  cijuipped  with  a  complete 
technical  librar.'  to  show  what  lias  been  done  on  the 
research  in  question  and  to  guide  the  expciimentcr  in 
liis  further  investigations.  Fourthly,  each  laboratory 
is  intensely  jealous  of  all  the  others  and  on  no  account 
allows  outsiders  to  catch  a  glimpse  of  wliat  is  sroing 
on.  with  the  obvious  result  of  overlapping,  20  hnns 
V  rr\ing  out  exactly  the  same  research  simul- 

t  it  is  thus  obvious  that  some  scheme  which 

will  remedy  these  evils  is  badly  wante<l  and  should 
indeed   be  welcomed  by  the  manufacturers.  . 

At  tlie  same  time  such  laboratories  cannot,  owing 
to  the  nature  of  their  constitution,  be  dealt  witli  in 
exactly  the  same  way  as  university  laboratories.  The 
latter  work  entirely  in  the  general  interest  of  scientific 
advancement,  whereas  the  primary  duty  of  the  former 
is  to  give  tlie  shareholders  as  large  a  return  on  their 
money  as  jwssible.  Hence  the  secrecy  and  jealousy 
with  which  the  investigations  in  laboratories  arc  carried 
on.  such  a  state  of  affairs  being  quite  natural  and  indeed 
perhaps  healthy  before  the  war.  But  under  the  changed 
conditions  which  will  prevail  afterwards,  each  indi- 
vidual firm  will  have  to  stand  by  and  assist  its  fellows 
to  the  ven,-  utmost,  not  only  in  manufacturing  and 
selling  matters,  but  also  in  questions  of  research.  In 
devising  such  co-ordination,  however,  there  are  certain 
rights  of  the  individual  firms  which  must  be  preserved. 
For  example,  it  cinnot  be  expected  that  a  hrm  will 
explain  to  the  board  exactly  what  results  have  been 
obtained  with  respect  to  investigations  which  concern 
that  firm's  products  alone.  At  the  same  time  there 
would  generally  be  no  harm  in  stating  what  subjects 
were  under  research,  as  the  board  in  return  would  be 
able  to  give  valuable  information  as  to  what  had  already 
lx.*en  done  in  that  line.  Similarly  the  b<jard  could 
not.  witliout  seriously  interfering  with  the  rights  of 
1  lu.il,  order  a  given  firm  to  carr>'  out  certain 

!■  .in   which  the  firm  had  no  interest  wliatso- 

evcr.  although  the  board  could  jicrhaps  recommend 
that  certain  investigations  were  to  the  firm's  own 
advantage. 

It  is  therefore  projwsed  in  the  first  place  tliat  the 
works  lalK)ratoncs  should  not  be  included  under  any 
Act  of  Parliament  which  it  might  be  necessary  to 
intriKluce  in  <irdcr  to  define  the  precise  relationship 
l>ctwecn  the  board  and  the  university  lalx-ralorics. 
Iliat  i»  to  say,  there  would  be  no  compulsion  of  the 
works  lab<jratorics  to  participate  in  the  scheme,  although 
at  the  same  time  it  is  to  be  ho(>ed  tliat  the  scheme 
could  be  made  so  attractive  tliat  a  large  number  of 
thrm  would  join  in,  not  merely  for  patriotic  re.-isons, 
but  aliwi  becau<M;  the  scheme  would  offer  them  material 
lily  'Irawing  up  the  regul.ilioiis 
"1  ,<t  civing  llio  ni.'inulactunng 

;:  into   actual 

I  -sible  without 

I  to  grt  over  any  origiii.il  animosity. 

„   ::i.it  a  given  firm  alter  carefully  consider- 
ing the  pro*  and  conn  uf  the  qiimtion  had  definitely 


decided  to  put  its  research  laboratory  under  the  control 
of  the  board,  then  the  first  thing  that  would  have  to 
be  done  would  be  to  inform  the  latter  of  the  exact 
equipment  available  for  research  purposes.  This  in- 
formation would  have  to  include  details  as  to  whether 
such  equipment  was  free  for  whole-time  research  or 
whether  it  was  partly  in  use  for  ordinary  manufacturing 
tests.  Furthermore,  it  would  be  necessary  to  state 
whether  any  part  of  the  firm's  ordinan,'  manufacturing 
plant  couM  eventually  be  used  for  or  in  connection 
with  experimental  work,  and  if  so  at  what  times  and 
for  what  periods.  .■Mso  details  would  have  to  be  added 
of  the  staff  and  workmen  accustomed  to  or  capable 
of  superintending  or  assisting  in  research  work, 
stating  at  the  same  time  whether  such  men  were  avail- 
able for  whole-time  or  only  part-time  work.  iMually, 
data  would  be  required  of  the  class  of  experimental 
work  which  had  been,  was  being,  or  could  be  under- 
taken. It  goes  witliout  saying,  that  all  this  informa- 
tion would  be  given  to  the  board  by  the  managements 
of  the. various  works  under  a  strict  se.aT  of  secrecy,  and 
would  primarily  be  intended  for  cataloguing  purposes 
in  the  central  library.  Should  the  board  subsequently 
find  it  advisable  to  pass  tlie  information  on  to  a  uni- 
versity laboratory  or  eventually  to  another  works 
laboratory-,  then  this  would  be  done  without  giving 
any  reference  whatsoever  to  the  original  source.  For 
example,  it  might  l)e  found  that  several  works  were 
all  carrying  out  the  same  research  on  exactly  identical 
lines,  and  as  one  of  the  m.iin  objects  of  the  scheme  is 
to  avoid  such  ovcrlappnng,  it  would  in  such  a  case 
be  more  or  less  necessary  to  communicate  to  each  one 
the  results  obtained  by  the  others.  Tliis  could,  how- 
ever, with  a  certain  amount  of  discretion  be  done 
without  injuring  the  rights  of  any  party. 

Generally  speaking,  the  research  done  in  works 
laboratories  may  l>e  divided  into  two  distinct  classes, 
namely,  investigations  in  connection  with  entirely  new 
principles  or  materi.ils,  and  experiments  to  improve 
tlic  construction  of  details  of  machines  or  apparatus 
built  in  those  particular  works.  Now  obviously  the 
latter  concerns  nolwdy  else  but  the  firm  in  question, 
and  the  latter  is  at  Uberty  to  spend  as  much  time  and 
money  as  it  likes  on  such  experiments.  Hut  as  to 
the  former  research  there  is  an  almost  unbelievable 
waste  of  energy  going  on  at  the  present  day,  or  at 
any  rate  there  was  before  the  war.  because  nearly  all 
the  firms  manufacturing  the  same  articles  were  working 
parallel  to  each  other  in  thoii  own  laboratories  behind 
closed  doors.  To  make  this  latter  ]x>int  clearer  an 
example  may  be  taken  of  the  iiuincious  transformer 
man\ii.u:turers  in  this  country,  who  without  exception 
use  thick  oils  for  insulation  purposes.  Although  ea<  h 
manufacturer  has,  cxperinientod  for  years,  not  a  single 
one  is  absolutely  sure  as  to  the  correct  physical  pro- 
perties which  such  an  oil  ought  to  possess  in  order 
to  .let  simultaneously  .is  an  insulator  and  .is  a  heat 
c<inductor.  Surely  it  would  be  much  sim]>ler  and 
better  for  all  p.irtics  concerned  if  such  research  were 
cirried  out  ali.soliitely  thoroughly  in  one  properly- 
cc{ui]iped  lalxiratory  only  and  the  results  circulated 
as  Soon  as  some  definite  decinion  h.id  been  reached. 
Fach   firm   would   afterwards   l>e   free   to   ]furcliaac   its 
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oil  where  it  wished  and  would  merely  have  to  carry 
out  routine  tests  to  see  that  deliveries  were  as  near 
to  the  ideal  as  possible,  that  is  to  say,  were  up  to  the 
specification.  In  fact  in  this  respect  the  whole  scheme 
would  act  as  a  great  incentive  to  standardization, 
which,  as  is  now  generally  acknowledged,  is  more  than 
overdue  in  all  our  industries.  After  all,  the  principle 
of  standardization  implies  the  recognition  by  the  in- 
dividual of  the  mean  best  resultant  of  separate  indi- 
vidual efforts,  such  resultant  being  determined  by  the 
multitude. 

Another  example  of  the  need  for  and  the  possibility 
of  co-ordination  is  to  be  found  in  the  old  question 
of  a  practical  solder  for  aluminium.  All  those  who 
have  had  anything  to  do  with  this  metal  are  agreed 
that  such  a  solder  would  be  an  inestimable  boon  and 
would  revolutionize  or  at  any  rate  enormously  simplify 
present  methods  of  working  with  the  metal.  For  this 
reason,  innumerable  experimenters  in  all  parts  of  the 
world  have  been  trying  to  solve  the  problem  for  years, 
research  being  still  carried  on  in  private,  university, 
and  works  laboratories.  The  greater  proportion  of 
these  workers  is,  however,  absolutely  unacquainted 
with  what  has  already  been  done  in  this  field,  and  is 
therefore  probably  following  up  clues  which  were 
thoroughly  investigated  vears  ago  and  given  up  as 
hopeless.  In  all  probability  a  suitable  solder  will 
never  be  found  in  this  fashion,  although  an  enormous 
amount  of  the  valuable  time  of  countless  experts  has 
already  been  wasted.  If,  on  the  other  hand,  all  these 
experimenters  would  pool  their  knowledge  for  the 
national  good,  and  if  a  board  of  research  would  then 
appoint  one  of  perhaps  several  definite  laboratories  to 
take  up  the  research  at  such  points  which  the  combined 
results  of  all  the  other  workers  showed  to  be  most 
fruitful,  then  we  might  finally  solve  the  problem. 
Tliis  done,  the  solution  would  then  be  transmitted 
back  through  the  board  to  all  those  manufacturers  who 
had  searched  in  vain,  to  make  use  of  as  they  thought  fit 
in  the  interests  of  the  trade  of  the  country. 

This  question  of  an  aluminium  solder  is  merely  given 
as  an  example  of  the  advantages  of  co-ordinated  re- 
search from  the  standpoint  of  the  manufacturers' 
laboratory.  The  number  of  problems  which  could 
be  similarly  dealt  with  is  legion.  By  such  action  all 
overlapping  would  be  done  away  with,  the  chances 
of  arriving  at  a  satisfactory  result  within  a  reasonable 
time  would  be  enormously  increased,  wiiilst  the  naanu- 
facturers'  experts  would  be  released  to  carry  out 
investigations  dealing  directly  with  manufacturing 
problems.  Thus,  as  far  as  the  solder  is  concerned, 
the  firm's  engineers  could  devote  their  time  to  deciding 
what  particular  bolted  or  riveted  joints  could  with 
advantage  be  replaced  by  soldered  ones,  and  also 
what  articles  or  parts  of  apparatus  could  be  made  of 
aluminium  as  a  substitute  for  other  metals,  to  the 
improvement  of  the  firm's  products  as  a  whole. 

It  will  thus  be  seen  that  the  manufacturer  would 
have  in  reahty  nothing  to  fear  from  the  board  as  far 
as  his  own  particular  trade  secrets  were  concerned. 
Even  if  a  particular  firm  did  not  at  first  wish  to  enter 
into  the  scheme  on  patriotic  grounds,  time  would 
soon   show   that   the   most   selfish   interests   would    be 


more  than  met  by  participation.  It  is  true  that  at 
first  sight  the  giving  up  of  jealously-guarded  experi- 
mental results  appears  to  be  a  loss,  but  after  all  it 
was  always  a  speculation  as  to  whether  the  research 
in  question  would  have  led  to  anything  definite.  On 
'  the  other  hand,  a  firm  under  the  schenie  becomes  abso- 
lutely assured  of  being  able  to  participate  subsequently 
in  any  results  achieved  by  co-ordinated  research,  not 
forgetting  thereby  that  by  the  mere  fact  of  co-ordination 
the  chances  of  success  are  vastly  increased. 

It  has  been  stated  that  all  information  imparted  by 
private  manufacturing  firms  to  the  board  would  be 
treated  in  strict  confidence  and  would  not  be  passed 
on  to  imauthorized  persons.  Around  this  fact  is 
probably  centred  the  question  of  adherence  or  other- 
wise to  the  scheme  by  the  manufacturers,  because  it 
is  only  natural  that  the  support  of  the  latter  cannot 
be  expected  unless  this  elementary  principle  be  rigidly 
carried  out.  As  far  as  the  board  itself  is  concerned, 
I  this  point  could  be  made  perfectly  clear  in  the  Charter 
'  of  foundation  or  indeed  in  the  Act  of  Pailiament  per- 
taining thereto.  As  regards  the  actual  personnel  of 
the  board,  however,  such  absolute  secrecy  would  be 
more  difficult  to  ensure.  For  this  reason  alone  it 
would  perhaps  be  advisable  to  make  the  board  a  direct 
Government  department,  so  that  all  employees  could 
be  sworn  to  secrecy,  as  they  are  for  example  in  the 
Customs  and  Excise  Services.  At  the  same  time, 
with  a  privately  constituted  board  the  risk  of  leakage 
of  information  need  not  act  as  a  deterrent  to  the  scheme, 
because  even  amongst  private  firms  there  are  always 
to  be  found  a  few  dishonest  employees  who  are  prepared 
to  sell  trade  secrets  to  competitors.  With  a  semi- 
official board  of  this  nature  the  chances  of  such  persons 
being  employed  could  by  suitable  selection  be  reduced 
to   a  minimum. 

Remuneration. — One  very  important  point  in  con- 
nection with  any  scheme  of  co-ordinated  research  is 
a  question  of  recompense  for  ideas  brought  to  the  notice 
of  the  board  and  developed  under  the  auspices  thereof. 
Coupled  to  this  is  a  problem  of  the  patent  rights  at- 
tached to  a  new  idea  which  has  been  successfully 
developed  under  the  direct  supervision  of  the  board. 
At  present  each  individual  experimenter  keeps  the 
results  of  his  work  strictly  to  himself  until  such  time 
as  his  efforts  are  crowned  with  success,  whereupon 
he  takes  out  a  patent  in  order  to  reap  the  financial 
fruits  of  his  labour.  This  is  an  important  right  of 
the  individual  and  cannot  be  abolished  by  a  stroke  of 
the  pen.  If  this  were  done,  then  the  inventors  and 
experimenters,  both  individually  and  collectively  as 
manufacturing  concerns,  would  most  certainly  oppose 
and  keep  clear  of  anj^  scheme  of  co-operation.  Of 
course  on  patriotic  grounds  alone  the  scheme  ought 
to  be  supported  by  the  inventors,  but  at  the  same  time 
it  cannot  be  expected  that  these  men  will  sacrifice 
their  present  financial  rights,  however  uncertain,  merely 
to  enable  the  manufacturers  to  pay  larger  dividends. 
For  this  reason  some  method  should  be  devised  by 
which  the  advantages  of  co-ordination  may  be  retained 
and  at  the  same  time  the  men  with  inventive  brains 
induced  to  co-operate. 

As  far  as  university  laboratories  are  concerned,  the 
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difficulty  is  more  apparent  than  real,  because  with  few 
r\cci>Ui>ns  the  results  of  research  in  such  institutions 

published    in    the    general 

1  .ncement.      Moreover,    such 

■>  as  a  rule  ol  a  generai  theoretical  character 

^   with   the  discox-ery  of  new   laws  of   nature 

willi'Mit  attemptmR  to  adapt  such  laws  to  the  re<)uirc- 

ments   of  modem  practice.      On  Uie  other   hand,  the 

whole  raison  d'ttre  of  works  laboratories   is   to  devise 

tlie  most  suitable  means  of  applying  Uie  laws  discovered 

by  tlic  university   lalvratorics  to  commercial   re<iuire- 

-■  the  sole  purpose  of  making  money.     Seeing, 

that     the     entire    organization     of     works 

.  s   is  based  wynwi  a  system  of  financial  profit, 

li-cd  acts  in  most  cases  as  the  whole  incentive 

to  research,  it  will  be  necessary*  to  incorporate  some 

such  s>"stcm  in  any  general  scheme  of  co-ordination. 

It  is  therefore  proposed  tliat  the  individual  inventive 
rights  of  all  workers  and  assistants  under  the  research 
board  should  be  fully  retaine<l  and  recognized,  so  that 
no  suitable  pcrvm  will  be  forci>d  to  stay  outside  the 
pale  of  the  board  lest  he  should  sulfcr  financial  loss. 
■I  this  basis  alone  will  it  be  found  possible  to  build 
1  scheme  which  will  be  acceptable  to  tlie  investi- 
gator and  inventor,  who  after  all  form  the  keystone 
of  the  whole  scheme  of  co-ordination.  It  goes  witliout 
saying  that  there  are  certain  difficulties  in  the  way 
of  devising  a  plan  which  shall  meet  with  the  approval 
of  all  interested  parties,  but  such  difliculties  arc  by 
no  means  insurmountable.  By  means  of  a  little  give 
and  take,  especially  on  the  part  of  the  larger  and  more 
p<jwcrful  lalxjratoncs.  be  they  attached  to  universities  or 
works,  the  plan  should  be  quite  feasible.  The  proposal 
consists  in  giNing  the  board  of  research  power  to  decide 
in  each  particular  case  the  actual  commercial  value 
of  all  new  ideas  developed  under  its  super\Tsion,  and 
to  make  suitable  awards  to  all  those  who  have  iu  any 
way  contributed  to  the  success  of  the  research.  These 
powers  of  granting  awards  could  be  conferred  either 
by  Art  of  Parliament  or  by  the  general  consent  of  the 
rtics,  depending  upon  whether  the  board 
1'  .'.ed    a   Goveniracnt    department    or    was 

of  a  pnvaie  nature.  The  fixation  of  the  amount  of 
the  awards  would  be  assisted  by  conferring  with  the 
particular  manufacturing  firms  interested  in  and  likely 
to  benefit  from  the  invention  in  question,  although  the 
final  decision  would  rest  with  the  board.  Similarly 
part  of  the  income  from  which  these  awards  would 
Ik>  made  would  Ix-  dcrivorl  from  the  nuinufacturers 
'  ^.  as  will  be  seen  later. 

■  .    for   the  Bake    of    example,   that  a  chemist 

umicT  the  lH>ard  had  l)ccn  successful  in  discovering  a 

pra<  Ileal    commercial    formula    lor    the    manufacture 

of   «>iitlictic   rubber.      The   board   would   in    Uie   first 

V'   ■  •     ■'•-'■•  :'-,clf  through  iU  experts  th.it  the  invention 

genuine  and  lulhllcd  all  that  was  claimed 

of   the  composition   would 

I  firms  conncrlpil  with  the 

'■  ■    in  a  fiosition  to  take  up 

'  _:'ixitnatc    estimates    of    the 

would    be    called    lor.      The   next 

i''UMi  on  details  of  wliat  was  claimed 

lor  the  material,  along  with  the  cost  estimates,  to  all 
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firms  under  tlie  board  who  were  likely  to  be  able  to 
make  use  of  the  same,  and  at  the  same  time  approximate 
figures  of  the  quantities  which  could  be  taken  per  year 
would  l>e  asked  for.  Once  in  possession  of  the  latter 
the  lx)ard  would  be  able  to  decide  as  to  the  net  com- 
mercial value  of  the  invention  to  the  nation  and  would 
proceed  to  reward  those  who  had  worked  to  produce 
tlic  result,  this  applying  not  only  to  patentable  ideas 
but  also  to  mere  suggestions  for  improvements.  It  is 
not  proposed  that  the  directors  or  chief  engineers 
should  participate  in  any  award,  except  perhaps  in 
exceptional  cases,  as  these  persons  would  be  amply 
remunerated  for  their  ser\'iccs  by  their  salaries.  On 
the  other  hand,  all  the  engineers  and  assistants  who 
had  actually  worked  in  the  laboratories  would  receive 
something  in  proportion  to  tlicir  effective  contribution 
to  the  final  achievement. 

In  ntany  cases  it  might  happen  tliat  a  considerable 
portion  of  the  research  had  been  done  beforehand  by 
a  firm  or  individual  working  alone,  and  that  the  board 
had  only  been  instnimental  in  putting  on  the  finishing 
touches.  For  example,  a  rese^vrch  tinder  the  l>oard 
might  have  been  begun  by  merely  taking  up  tlie  tlireads 
of  some  pre\'ious  experiments  as  revealed  by  the 
researches  in  the  central  librarj'.  Or,  again,  the  funda- 
mental ideas  might  ha\e  been  communicated  by  some 
person  or  firm  which  had  been  unable  to  carr\'  the 
experiment  to  a  successful  conclusion  owing  .to  lack 
of  knowledge,  time  or  funds.  In  such  cases  no  award 
would  under  any  circumstances  be  allocated  for  work 
done  which  had  subsequently  been  openly  described 
and  the  results  thereof  published  to  the  world  before 
the  board  took  the  matter  in  hand.  The  award 
would  only  be  made  retrospective  (or  those  who  had 
communicated  the  unfinished  results  of  their  experi- 
ments to  the  board  for  the  first  time  under  the  latter's 
seal  of  secrecy. 

The  exact  nature  and  amount  of  the  award  would 
be  left  cntiiely  to  the  board  to  decide,  each  particular 
case  being  put  forward  by  the  section  director  assisted 
possibly  by  his  engineers  under  whom  the  research  had 
been  carried  out.  In  tlie  case  of  smaller  inventions 
the  director-in-cliicf  in  coUobaration  with  the  section 
director  might  have  the  power  to  decide,  whilst  for 
minor  suggested  iin])ro\'ements  there  would  be  no  need 
to  make  any  award  at  all.  the  ordiiian,'  salaries  of  the 
staff  being  sulficient  to  cover  these.  In  any  ca,>ie  the 
amount  of  the  award  would  have  to  be  made  propor- 
tionate to  the  value  of  the  finished  invention  to  the 
manufar  turcrs  who  would  afterwards  take  over  the 
same,  and  not  to  the  actual  amount  of  work  done. 
That  is  to  say  the  person  or  persons  involved  would 
have  to  be  treated  as  if  they  had  been  experimenting 
entirely  on  their  own  and  had  afterwards  sold  their 
ideas  cm  the  open  market,  except  that  allowance  would 
be  made  for  the  fact  that  the  equipment  and  material 
lor  the  experiment  had  been  provided  by  the  Ixtard 
and  that  a  living  salary  had  been  paid  for  the  time 
spent  in  cxi>enmrnting. 

For  example,  it  would  be  of  no  use  offering  a  l^  note 
to  a  man  whose  idea  was  admitted  by  the  manu- 
facturers to  whom  it  was  submitted  to  be  worth  ^lo.ooo 
per  annum.      If  this  were  done,  the  inventors  en  mcute 
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would  certainly  and  rightly  fight  shy  of  the  board. 
Payments  would  have  to  be  made  on  a  scale  appro- 
priate to  the  advantage  which  not  only  the  particular 
manufacturers  stood  to  benefit  but  also  which  the 
nation  as  a  whole  would  derive  from  the  invention. 
It  has  been  pointed  out  that  in  the  past  too  manv 
of  the  ideas  of  British  inventive  genius  have  been  taken 
abroad  owing  to  their  not  meeting  ^vith  adequate 
financial  recognition  in  their  own  countrj'.  If  any 
scheme  of  co-ordinated  research  can  prevent  a  con- 
tinuance of  this  circumstance  after  the  war,  it  will 
be  of  inestimable  value  to  the  nation  and  will  be  worth 
introducing  for  these  reasons  alone.  As  an  adequate 
scale  of  remuneration,  it  is  suggested  that  a  royalty 
of  20  per  cent  on  the  net  value  of  each  invention  to 
the  manufacturers  should  be  paid  per  year,  with  an 
initial  gratuity  of  say  50  per  cent  of  the  estimated 
net  value  during  the  first  year.  By  net  value  is  meant 
the  sum  or  price  which  the  manufacturers  would  actually 
be  able  to  put  into  their  pockets  as  the  direct  result 
of  the  invention  in  question.  This  must  not  be  con- 
fused with  the  selling  value.  Alternatively  a  lump 
sum  could  be  paid  instead  of  a  royalty,  in  which  case 
the  same  could  also  be  computed  on  the  basis  of  20  per 
cent  of  the  net  profit. 

These  figures  may  at  first  sight  appear  excessive, 
but  at  the  same  time  they  are  not  really  so  if  compared 
with  the  amount  earned  by  commission  agents  in  aU 
branches  of  trade  throughout  the  world  for  doing 
practically  nothing.  An  agent  of  this  nature  acts 
in  reality  as  a  mere  postman  between  the  producer 
and  the  purchaser,  and  carries  practically  no  responsi- 
biUty  as  regards  the  transaction.  As  a  rule  no  special 
education  or  experience  is  necessary  for  the  job;  a  good 
appearance,  a  certain  amount  of  tact,  and  a  room 
to  serve  as  an  office  iorm  the  stock-in-trade.  And 
for  his  work  the  commission  agent  receives  5  per  cent, 
10  per  cent,  or  even  more,  of  the  value  of  the  orders 
passing  through  his  hands,  and  often  earns  thousands 
of  pounds  per  annum.  On  the  other  hand,  the  e.x- 
perimenter  or  inventor  has  usually  had  some  form  of 
technical  training,  has  studied  thoroughly  the  subject 
in  which  he  is  experimenting,  works  more  than  the 
trade-union  number  ef  hours  per  day,  and  at  the  end 
earns  a  precarious  starvation  wage.  And  yet  the 
inventor  plays  just  as  important  a  part,  perhaps  indeed 
a  more  essential  one,  in  the  complicated  system  of  modern 
trade,  than  does  the  commission  agent.  By  this  it  is 
not  intended  to  imply  that  the  agent  is  useless  and 
could  be  abolished,  because  in  many  transactions  he 
is  indeed  an  indispensable  link  in  the  commercial  chain. 
What  is  claimed,  however,  is  that  the  inventor  also 
should  receive  at  least  equal  financial  recognition  for 
his  labours,  so  that  without  being  liable  for  super-tax 
he  can  live  in  comfort,  feeling  that  his  efforts  have 
not  been  in  vain.  If  this  were  done  inventors  would 
be  encouraged  to  pursue  their  researches  instead  of 
being  forced  for  financial  reasons  to  seek  other  occupa- 
tions, so  that  as  a  result  the  total  national  output  of 
inventions  and  new  ideas  would  be  increased. 

For  these  reasons  it  is  not  too  much  to  expect  manu- 
facturers to  remanerate  the  inventors  to  the  extent 
of    20  per  cent  of    the  net  profits  on   each  particular 


invention.  If  the  invention  consisted  of  a  complete 
manufactured  article,  the  award  could  be  based  on  the 
value  of  the  goods  sold  instead  of  on  the  net  profit. 
In  this  case  the  above-mentioned  20  per  cent  of  the 
net  profit  would  be  equivalent  to  4  per  cent  on  the 
value  of  the  sales,  assuming  a  25  per  cent  profit.  IMany 
inventions,  however,  would  deal  onlv  with  some  special- 
ized part  of  the  manufacture,  and  the  award  could 
thus  not  be  made  on  the  basis  cf  the  sales,  for  which 
reason  it  is  proposed  to  take  as  a  general  basis  the  net 
benefit  of  profit  to  the  manufacturer.  The  latter  is 
most  certainly  harder  to  calculate  and  control,  but 
with  the  majority  of  English  manufacturers  there 
should  be  no  special  difficulty  in  arranging  terms  to 
suit  each  individual  case.  In  this  connection  it  would 
of  course  be  necessary  to  give  the  board  powers  to 
check  the  sales  records  of  the  manufacturers  through 
qualified  members  of  the  research  staff.  The  sums 
due  from  each  manufacturer  for  the  various  rights 
purchased  from  the  board  could  be  handed  over 
annually  or  half-yearly,  according  to  circumstances, 
and  the  board  itself  would  undertake  the  distribution 
amongst  those  entitled  to  receive  an  award.  The 
book-keeping  for  this  part  of  the  work  would  have  to 
be  carefully  done,  although  at  the  same  time  it  does 
not  present  any  special  difficulties. 

Patents. — Closely  connected  with  the  ques'^.ion  of 
remuneration  is  that  of  patents,  because  naturally 
most  of  the  inventions  and  improvements  worked 
out  under  the  board's  supervision  would  form  subject 
matter  for  patents.  Hence  definite  regulations  regard- 
ing the  ownership  and  disposal  of  such  patent  rights 
would  have  to  be  drawn  up  at  the  commencement. 
-\t  present  every  inventor  makes  an  application  for 
a  patent  immediately  he  discovers  anything  which 
is  patentable  and  which  is  likel}'  to  bring  him  mone}', 
the  object  being  of  course  to  protect  himself  against 
the  theft  of  ideas  bv  another  partv.  This  right  of  the 
individual  must  be  retained  in  some  form  or  other 
if  inventors  as  a  class  are  to  be  persuaded  to  work 
under   a  board   of  research. 

Under  the  proposed  scheme  it  is  suggested  that  all 
patents  should  be  taken  out  jointly  in  the  names  of 
the  particular  inventor  and  of  the  board  of  research. 
The  actual  preparation  of  the  specification  would  be 
left  to  the  trained  staff  of  the  board  working  in  con- 
junction with  the  inventor,  who  would  be  strictly 
prohibited  from  taking  out  a  patent  in  his  own  name 
or  indirectly  in  that  of  a  third  party.  The  board 
would  also  decide  in  the  first  place  as  to  whether  an 
application  for  a  patent  was  advisable  or  worth  while, 
and  would  moreover  pay  all  the  expenses  connected 
with  the  making  of  a  patent  application.  As  soon 
as  the  patent  had  been  granted,  the  board  would  pro- 
ceed to  dispose  of  the  rights  of  the  same  on  behalf 
of  the  inventor  to  those  mannfactarerh  under  the 
scheme  of  co-ordination  who  declared  themselves  to  be 
interested  in  that  particular  line.  .Vfter  the  board  had 
pooled  the  payments  from  the  various  manufacturers, 
the  inventor  and  his  assistants  would  receive  their 
awards  in  the  prescribed  proportion  as  previously 
outlined.  .A.s  already  mentioned,  the  directors  and 
supervising    engineers    under    the    board    would     not 
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|>articipate  in  any  award  of  this  nature  as  their 
work  would  be  fully  compensated  by  their  ordinary 
salaries. 

In  view  of  the  fact  that  the  board  had  thus  indi- 
rectly paid  the  inventor  for  his  patent,  it  is  obvious 
that  thv  latter  would  belong  to  the  board  and  not  to 
tJic  inventor.  Neverthck-ss  the  inventor  should  not 
olijec'  to  this,  seeing  that  he  had  received  payment 
for  his  ideas  witliout  any  initial  worry  or  expense  to 
himself.  Indeed,  this  fact  alone  should  act  as  an 
encouragement  to  work  under  the  board  and  to  confide 
patentable  ideas  to  it,  because  at  present  each  individual 
inventor  has  to  pay  out  of  his  own  pocket  the  not- 
inconsiderable  fees  mseparable  from  tl;e  granting  of 
a  patent.  More»>ver,  he  has  to  risk  that  the  idea  itself 
will  afterwards  l->c  found  to  be  unmarketable,  and  he 
lias  in  any  case  to  hawk  his  wares  round  to  the  various 
manufacturers.  l"nder  the  projioscd  scheme,  however, 
he  has  no  prcliminani'  expenses  and,  in  addition,  he 
can  rest  assured  th;»t  his  ideas  will  be  put  before  those 
manufacturers  who  are  most  likely  to  be  interested 
in  his  in\'ention.  In  other  words  his  invention  stands 
the  best  cliance  of  bringing  in  the  maxinnim  reward 
to  himself. 

It  Ls  obvious  that,  if  all  the  manufacturing  concerns 
in  the  countrv  were  to  assist  in  the  proposed  scheme, 
tlicrc  would  be  virtually  no  need  for  patenting  the 
i  leas  developed  under  the  board,  because  each  firm 
would  then  stand  an  equal  chance  of  accepting  or 
rejecting  the  ideas.  In  case  of  acccption  the  firm 
would  be  informed  as  to  what  other  firms  had  taken 
up  the  same  idea,  and  thus  if  considered  advisable  a 
working  agreement  as  to  output  and  prices  could  be 
arranged.  On  the  other  hand,  in  case  of  rejection 
by  a  particular  firm,  the  latter  could  not  make  use 
of  the  same  idea  at  any  later  period  owing  to  its  agree- 
ment with  the  Ixjard.  Hence  all  parties  would  l)e 
thoroughly  piotectcd  and  there  would  be  no  need  to 
take  out  patents.  But  it  is  hardly  to  be  expected 
tliat  all  the  firms  of  the  country  would  participate 
in  such  a  scheme  of  co-operation,  at  any  rate  not  at 
tlie  oimmcncemcnt,  and  hence  the  proposed  system 
of  granting  p.itents  would  be  necessary  in  order  to 
piotect  those  firms,  who  supjnirted  the  scheme,  from 
unfair    competition    from    outside. 

Another  rca-son  for  the  introduction  of  protection 
by  patents  is  to  be  found  in  c('nnectinn  with  foreign 
competitors.  It  is  obvious  that  no  foreign  firm  would 
scruple  to  take  up  an  idea  merely  because  this  had 
l>ccn  developed  by  and  belonged  to  a  British  board 
of  rcscatch.  Hence  full  use  would  h.ive  to  l>e  made 
of  the  cxi  rnaf^onal  patent  laws,  which  with  .ill 

th'-ir   fnii,  lit   one  of   the   fairest  means  of   cx- 

'  I    ti.i<lt;   iKlween   nations.      It  woulcl   l>c  of  no 

\  .  .g   up   a   to-«irdinale<l   scheme   of   research    in 

thi"i  country  il  the  Iruils  thereof  coulil  aftrr«-ards 
!»•  t^Ml  .itc<l  by  manufacturers  abroad  without  let  or 
i  On     these    gn>und>    alone    the    propositi 

l-.iii  .>.uld  h.Tvc  to  make  every  possible  use  of  the 
|»rute<  tinn  adoril'd  by  patents  in  the  way  outlined. 
In   t!.  '.  ip"i  l)c  mentioned  that 

this  would    l>c   enormously 

mmpliiicO    by    tiic    bunding    ui    our    own    patent    laws 


'   more  into  line  with  those  of  America  and  by  the  intro- 
duction of  an  Empire  patent. 

Regarding  the  disposal  of  the  foreign  rights  of  a 
patent,  the  board,  as  ultimate  owner  of  the  parent 
patent  in  tliis  country,  would  have  to  decide  whether 
it  was  advisable  to  allow  foreign  firms  to  take  up 
licences  in  order  to  compete  witli  the  home  manu- 
facturers. The  advantages  and  disadvantages  would 
have  to  be  carefully  weighed  in  each  particular  case, 
the  actual  inventor  as  well  as  tlie  interested  British 
manufacturers  being  consulted,  although  the  final 
decision  would  rest  with  the  board.  Similarly  the 
board  would  fix  the  method  of  pajinent  whether  in 
a  lump  sum  or  in  the  form  of  a  royalty,  and  would 
also  determine  the  distribution  of  the  amount  received 
amongst  those  entitled  to  receive  awards.  In  order 
to  save  expense  as  well  as  the  time  of  the  staff  of  the 
board,  it  might  possibly  be  advisable  to  arrange  for 
the  disposal  of  the  foreign  rights  of  patents  to  be  looked 
after  by  existing  patent  agents  who  would  be  paid 
the  usual  commission  for  their  services.  By  carefully 
choosing  agents  who  were  not  only  reliable  but  also 
thoroughly  acquainted  with  patent  matters  in  their 
own  country,  the  necessity  for  the  board  of  employing 
their  own  patent  agents  in  foreign  countries  could  be 
avoided.  Of  course  at  the  commencement  a  personal 
visit  of  one  of  the  board 's  home  experts  would  be  essential 
in  order  to  ensure  tliat  the  firm  dealt  with  was  all  that 
it  should  be,  and  to  make  all  arrangements,  after 
which  visits  would  only  be  neccssar>'  at  intervals  pro- 
vided no  irregularities  cropped  up.  In  many  countries 
it  might  also  be  possible  to  make  use  of  the  services 
of  the  same  patent  agents  to  keep  the  central  library 
sui)plied  with  up-to-date  infonnation  on  all  matters 
connected  with  research.  For  this  latter  to  be  done 
successfully,  it  would,  however,  have  to  lie  a  ^nie  ciui  non 
that  tlie  agents  employed  were  fully-qualified  engineers 
in  all  branches  of  science  and  engineering.  If  such 
a  firm  could  not  be  found,  two  or  more  could  be  em- 
ployed, each  being  a  specialist  in  one  or  more  of  the 
branches   of    engineering. 

Finatue. — l-'inally  we  come  to  tlie  question  of  the 
financing  of  the  proposed  scheme  of  co-ordination, 
a  question  alx)ut  whicli  we  engineers  are  supposed 
to  know  nothing,  but  which  in  this  particular  instance 
is  of  such  grc.it  importance  that  it  cannot  be  over- 
looked. It  goes  without  saying  that  a  comprehensive 
national  scheme  such  as  the  one  under  consideration 
cannot  be  carried  through  successfully  without  adequate 
financial  support.  At  the  same  time  the  fin.ancial 
side  of  the  question  must  not  be  made  paranKnint 
to  its  national  imporUince.  As  far  as  possible  it  is 
I  proposed  to  make  the  scheme  self-supporting,  with 
j  perhaps  the  exception  o(  a  State  grant  at  the  commence- 
ment ;  but  even  if  it  be  lound  impos.sil)le  for  the  board 
to  pay  its  way  this  fact  should  not  be  allowed  to  1k-- 
comc  a  ground  lor  the  rejection  of  the  scheme.  Hather 
should  the  whole  idea  l>e  looked  upon  as  an  abs(.>lutcly 
ncce»»ar>'  nation.il  bulwark  erected  to  protect  and 
assist  British  inanulacturcrs  against  better-equipped 
cxtern.il  competition.  I'or  this  leAstin  the  l>oar<t  should 
l>e  treated  in  a  similar  way  to  the  Boards  of  Trade  and 
Education,  being  ma>le  as  self-supporting  as  ]iossil>lc. 
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but  any  unavoidable  deficit  being  covered  by  a  Parlia- 
mentarj'    grant. 

As  has  already  been  pointed  out,  the  awards  for 
ideas  developed  under  or  brought  to  the  notice  of  the 
board  would  be  paid  for  by  the  manufacturers  who 
took  up  the  ideas  in  question,  so  that  this  part  of  the 
scheme  would  be  self-supporting  from  the  beginning. 
On  the  other  hand,  the  salaries  of  the  permanent  staff, 
rents  of  building,  general  office  and  travelhng  expenses, 
outlay  in  connection  with  new  researches,  special 
grants  to  laboratories  for  work  to  be  undertaken,  as 
well  as  the  expenses  of  the  central  library',  would  have 
to  be  borne  in  some  other  way.  There  are  three  practic- 
able ways  of  doing  this,  namely,  by  an  annual  state 
grant,  by  a  system  of  levies  on  the  universities  and 
manufacturing  concerns  participating  in  the  scheme, 
or  by  a  combination  of  these  two  methods.  It  will 
perha.ps  be  as  well  to  consider  each  of  these  alternatives 
in  more  detail. 

First,  as  regards  financing  entirely  by  the  State, 
at  first  sight  it  would  appear  that  this  constitutes 
the  simplest  and  fairest  naetliod,  in  view  of  the  emphasis 
which  has  been  laid  on  the  national  iniportance  of  the 
scheme.  At  the  same  time,  however,  it  must  not  be 
forgotten  that  it  is  really  only  the  engineering  section 
of  the  community  which  would  benefit  directly  by 
co-ordination,  and  the  rest  of  the  country  would  only 
receive  an  indirect  benefit,  which  might  indeed  be  hard 
to  trace  to  its  true  source.  Now  one  of  the  elementary 
laws  of  State  finance  in  a  democratic  country  is  that 
national  funds  should  only  be  devoted  to  objects  which 
benefit  or  affect  directly  the  whole  community,  and 
hence  financing  by  the  State  for  research  purposes  is 
hardly  to  be  recommended.  Moreover,  a  further  argument 
against  tliis  method  is  to  be  found  in  the  fact  that  if 
the  scheme  were  State-financed,  then  the  State  would 
have  to  have  a  very  large  say  in  the  actual  control 
of  the  affairs  of  the  board.  Not  onl^'  would  this  latter 
be  objectionable  to  the  manufacturers,  but  also  ex- 
perience teaches  us  that  it  would  in  all  probability 
lead  to  mismanagement.  It  is  a  curious  psycho- 
logical fact  that,  generally  speaking,  as  soon  as  the 
Government  takes  over  the  control  of  business  or  pri\-ate 
affairs,  the  last  state  of  such  affairs  is  worse  than  the 
first. 

Secondly,  the  advantages  of  financing  solely  by 
the  universities  and  manufacturers  would  be  that 
the  whole  scheme  coald,  if  desired,  be  made  entirely 
independent  of  State  control,  and  that  the  whole  manage- 
ment would  then  be  in  the  hands  of  business  men, 
which  fact  would  ensure  that  the  affairs  of  the  board 
were  carried  out  on  purely  commercial  lines.  At 
the  commencement  each  university  would  pay  an 
amount  proportional  to  its  endowment,  its  income, 
or  the  number  of  its  students,  depending  upon  which 
of  these  three  bases  was  deemed  to  be  fairest  after 
careful  consideration  by  all  parties  concerned.  Similarly 
each  manufacturing  concern  participating  could  pay 
a  sum  in  proportion  to  its  capital,  or  to  the  amount 
of  the  research  facilities  which  it  was  prepared  to 
place  at  the  disposal  of  the  board.  The  amounts  paid 
both  by  the  universities  and  laboratories  would  vary 
from  year  to  j-ear  according  to  the  total  quantity  of 


experimental  work  done  and   could  not  be   estimated 

exactly  beforehand. 

Under  the  third  proposal,  namely,  joint  financing 
by  the  laboratories  and  the  State,  the  former  would 
merely  pay  a  nominal  sum  more  in  the  nature  of  a 
retaining  fee  to  a  consulting  engineer,  and  the  bulk 
of  the  expense  would  be  made  up  by  a  State  grant. 
A  variation  of  this  plan  would  be  for  the  laboratories 
to  pay  amounts  which  would  entirely  cover  the  expenses 
for  a  lean  year  in  which  the  work  done  was  at  a  minimum, 
and  then  for  the  State  to  step  in  and  cover  the  balance 
in  those  years  when  the  expenditure  was  in  excess 
of  this  figure.  All  these  things  considered,  it  would 
perhaps  be  better  for  the  laboratories  and  the  State 
to  share  the  financial  responsibilities  in  some  pro- 
portion on  some  basis  which  would  have  to  be  deter- 
mined later  when  the  scheme  was  about  to  be  put  into 
operation. 

Regarding  the  exact  amounts  of  money  wliich  would 
have  to  be  found,  it  is  of  course  difficult  to  estimate 
accurately  without  knowing  the  exact  constitution 
of  the  board  and  the  extent  to  which  it  would  be 
supported  by  the  manufacturers.  Nevertheless,  the 
following  figures  are  given  for  the  sake  of  discussion, 
on  the  cissumption  that  the  board  would  be  formed 
somewhat  on  the  lines  previously  outlined  and  also 
that  its  work  would  ba  roughly  as  described.  Salary 
of  the  director-in-chief  ;^4,ooo,  of  7  section  directors 
/i4,ooo,  of  35  sub-section  engineers  ^35,000,  of  10 
travelling  engineers  ;^5,ooo,  of  40  office  assistants 
;^8,ooo,  and  of  10  foreign  agents  ;{i,ooo,  making  a  total 
of  ;^67,ooo,  or  approximately  ;^7o,ooo.  Rent  of  buildings 
approximately  ;^5,ooa  ;  stationery  and  office  expenses 
;^2,ooo.  Travelling  expenses  approximately  ;^3,ooo. 
Grants  to  laboratories  for  work  undertaken  approxi- 
mately /io,ooo.  Special  grants  to  inventors  working 
temporarily  under  the  board  ;/^5,ooo.  Total,  ^95,000 
per  annum,  or  approximately  /ioo,ooo.  Of  this  sum, 
half  could  be  borne  by  the  State,  leaving  ;{50,ooo  to 
be  taken  care  of  by  the  universities  and  manufacturing 
concerns.  Assuming  that  20  large  firms,  50  small 
ones,  and  10  universities  participated  in  the  scheme, 
then  the  large  firms  could  each  pay  an  average  of 
;^i,ooo  per  annum,  whilst  the  small  ones  and  the  uni- 
versities contributed  £500  each. 

The  above  figures,  as  has  been  stated,  are  not  to 
be  taken  as  definite,  as  they  are  merely  given  for 
purposes  of  discussion  in  order  to  provide  some  idea 
of  the  magnitude  of  the  scheme.  At  first  sight  £100.000 
per  annum  may  seem  to  be  a  large  sum,  and  yet  it  is 
nothing  compared  with  our  national  expenditure 
during  the  last  four  years,  it  being  in  fact  onh-  about 
equal  to  the  cost  of  the  war  per  half-hour.  Indeed, 
the  whole  expense  could  be  borne  without  difficulty, 
in  ^^ew  of  the  national  importance  of  the  scheme. 
Alternatively,  an  initial  grant  of  ;£2, 000.000  would 
provide  an  annual  income  of  /loo.ooo,  and  thus  put  the 
whole  scheme  on  a  permanent  and  secure  financial  footing. 

V.  Conclusion. 

In  conclusion,  the  author  would  once  more  lay  em- 
phasis on  the  fact  that  it  is  not  pretended  that  the 
scheme  as  here  outlined  is  complete  in  all  its  details 
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or  that  the  plan  proposed  is  the  only  suitable  one. 
Tlie  chief  object  in  writing  this  paper  was  to  sIjow 
that  some  form  of  co-ordination  in  research  is  necessary, 
not  only  from  the  national  point  of  view,  but  also  in 
the  mtercsls  of  the  individual  manufacturers  and 
experimenters  At  the  same  time,  the  scheme  outlined 
has  been  gone  nito  fairly  closely  in  order  to  show  that 
the  idea  of  coordination  is  not  merely  a  Utopian  one, 
but  that  tlie  practical  solution  of  the  problem  is  by 
no  means  as  dilhcult  as  might  be  supjxiseil  on  first 
consideration 


The  only  other  suggestion  which  the  author  has  to 
make  is  that  the  Institution  take  the  initiative  in  the 
matter  and  invite  a  conference  of  all  intciestcd  parties, 
in  order  to  settle  in  the  first  place  tlie  absolute  necessity 
for  some  such  concerted  action  and  to  come  to  some 
decision  as  to  the  general  outlines  which  such  a  scheme 
should  have.  This  conference,  after  one  orlwo  meetings, 
could  Uien  apjxuiit  a  sm.T.llcr  committee  to  work  out 
the  details,  which  would  subsequently  be  submitted 
for  approval  before  the  pl;ui  was  definitely  put  into 
operation. 


Discussion  before  The  Institl'tion,  27  March,  1919. 


Dr.  W.  Rosenhain  :  Ihis  is  e\idently  n  paper 
whirh  has  been  \  i-ry  fully  and  carefully  thought  out, 
and  any  such  thoughtf\il  contribution  to  the  subject  of 
the  development  of  industrial  and  scicntilic  research  at 
the  present  time  must  necessarily  be  interesting  and 
welcome.  1  should  like  to  emphasize  that  all  the  more, 
because  I  feel  obliged  to  disagree  fundamentally  with 
the  author  in  nearly  everything  he  has  said,  except 
the  one  thing  that  co-ordination  of  a  certain  kind,  at 
all  events,  is  desirable.  Now  why  do  we  need  co-or- 
dination :"  It  is  obviously  a  question  of  economy, 
economy  of  eflort  particularly,  because,  after  all,  the 
thuif,-  we  are  shortest  of  at  the  moment  is  the 
cap.-\city  for  effort  ;  it  is  partly  a  question  of  man- 
power and  partly  a  question  of  exhaustion  in 
fither  directions.  .\t  the  prc^'nt  time  we  aic  faced 
with  a  double  difficulty.  We  have  on  the  one  side 
the  difficulty  just  referred  to,  and  on  the  other  we 
have  undoubtedly  a  large  amount  of  leeway  to  make 
up  with  regard  to  technical  .and  scientific  research 
gf'ncr.nlly,  and  p.irticiil.irly  with  regard  to  its  .-application 
and  utilization  by  our  industries  ;  and  consequently 
It  is  very  necessarj'  that  we  shouUl  set  our  house  in 
order  and  consider  any  possible  schemes  by  which 
economics  of  effort  and  of  money  and  of  material  can 
be  crlected  in  attaining  the  desired  result.  But  wc 
must  have  real  economy,  and  not  false  economy.  Wc 
must  not  let  the  desire  for  organization  and  super- 
■  trr-.-oiir^ition  take  hold  of  us  too  much,  otherwise  we 
!u<:  the  very  plants  which  wc  are  trying  to 
\)y  means  of  hot-house  organization,  and  I 
think  that  is  what  would  occur  if  any  such  scheme  as 
outlined  in  the  paper  were  carried  out.  I'he  pcjint  1 
want  to  make,  which  is  my  fundamental  objection  to 
the  x-icws  set  forth  by  the  author,  is  that  research  to 
l»c  fruitful  requires  free<lom,  .ind  that  frei-dom  is  much 
iitial  than  the  avoidanc  of  even  a  consider- 
nt  'ti  overlapping.  Overlapping  in  reseaich 
ut  not  .III  i-vil  to  anything  like  the  extent  to  which  it  is 
in  n  ;-T'-:\f  mnnv  other  attivities.  Alter  all,  science  ,in<l 
;  •  ir  progress  in  a  more  or  less  tentative 

V.  ■  r  ideas,  they  discover  lacts.  or  what 

they  believe  to  be  fact*  ;  they  publiih  them,  ilcscribe 
them,  and  then  they  arc  tested  by  di.vrussion,  by 
rtintrovcmy—  iiometiine*  very  sharply  tested  by  con- 
-and  ultimately,  gradually,  the  truth  is 
I  that  way.  It  is  not  |>ossible  lor  any  Ixiard 
i/l    iiirii,    however    competrnt,    however    highly    i>aid. 


sitting  in  an  oiTice  whether  in  \\  hitehall,  or  Sheffield, 
or  Birmingham,  to  decide  when  the  truth  has  been  dis- 
covered by  a  set  of  investigators.  That  kind  of  organi- 
zation is  liojicless,  ap.d  if  it  were  attempted  to  carry  it 
out  it  woi'.ld  sr.nj)ly  sterilize  the  whole  Ijiisiness.  There 
are  other  difiicultics.  'Ihe  scheme  would  be  sterile 
because  it  would  not  attract  the  right  men.  If  rcsi-arch 
were  regulated  and  co-ordinated  in  the  way  suggested, 
a  great  many  men  would  seek  freedom  for  their  activities 
in  other  directions—  men  who  are  valuable  and  most 
urgently  needed  in  these  lines  of  activity.  Then  it 
would  limit  the  scope  of  individual  genius  ;  and  the 
advancement  of  science  particularly,  and  the  advance- 
ment of  invention,  :\iv  very  much  matters  of  indiv  idual 
genius,  and  the  individual  genius  must  be  given  plenty 
of  scope  :  he  would  not  brook  control.  A  good  many 
of  those  present  have  probably  felt  the  advantages 
and  disadvantages  of  control  during  the  last  few  years, 
and  I  do  not  think  we  want  to  sec  it  extended  in  this 
methodical  manner  over  our  research  lalxiratories. 
l-'inally,  an  organization  of  this  kind  would  be  verj'  apt 
to  entrust  import.int  work  to  the  wrong  man,  or  the 
wrong  laboratorv.  Of  course,  mistakes  would  occur 
in  any  case,  but  the  diUiculty  is  to  foresee  which 
laboratory  or  which  man  is  the  right  one  for  a  given 
problem.  It  must  largely  be  left  to  the  initiative  o(  the 
individual,  and  he  will  find  out  for  hiinself,  or  circum- 
stances will  very  soon  show  him,  whether  he  is  the 
right  man  or  not  for  dealing  with  that  particular  matter. 
I  should  like,  in  Kuulusion,  to  submit  one  or  two  con- 
structive ideas  of  an  alternative  kind.  Kconomy  of 
eflort  in  scientific  rese.irch  can  be  realized  by  the 
encouragement  and  ileveloiiment  of  existing  laboratories 
rather  than  by  setting  up  a  large  number  of  new  labora- 
tories by  new  organizations  all  over  the  country.  The 
reason,  again,  is  the  shortage  of  the  right  kind  of  men 
to  staff  those  new  laboratories.  We  have  a  iiumlter 
of  institutions,  universities,  colleges  and  other  places, 
which  have  shown  very  well  that  they  can  do  research, 
and  do  it  exlrcmclv  well  ;  and  the  first  step  in  economy 
I  Would  suggest  is  that  those  institutions  should  l>e  very 
much  more  billy  utilized  and  supi>orted.  Uith  financially 
and  morally  and  in  every  jiossible  way,  than  they  have 
been  in  the  past.  That,  for  the  moment,  is  cert.iinly 
the  most  economical  line  of  advance.  As  regards  works 
laboratories,  that  is  a  more  diflicult  matter,  and  there 
the  cfillaboratirm,  the  co-operation  of  groups  of  firms 
having  similar  interests,  is  the  only  method  of  attaining 


WORKS   AND    LABORATORIES  :    DISCUSSION. 


149 


economy.     I  should  like  to  say  a  few  words  regarding 

the  author's  reference  to  the  possibility  of  a  large 
central  laboratory.  I  think  he  has  not  realized  to 
what  an  extent — although  it  is  still  an  inadequate 
extent — such  a  central  research  laboratory  is  actually 
in  existence.  The  numbers  of  the  staff  which  he  suggests 
are  not  so  very  much  greater  than  the  existing  staft 
of  the  National  Physical  Laboratory.  They  are  not, 
of  course,  what  he  calls  "  whole-time  inventors,"  but 
we  have  a  nucleus  there.  I  do  not  want  to  suggest 
that  it  should  be  developed  into  a  single,  universal 
central  laboratory  ;  that  is  entirely  inipracticable 
in  my  opinion,  but  it  is  one  of  the  places  which  1  person- 
ally should  like  to  see  immensely  developed.  Then  as 
regards  co-ordination  there  is  a  great  possibiUty  ;  and 
I  think  a  great  deal  is  being  done  in  the  best  possible 
way  by  just  such  bodies  as  this  Institution  in  the  dis- 
cussion of  papers  and  the  work  of  research  committees. 
All  those  are  activities  which  do  a  great  deal  towards 
what  I  should  be  inclined  to  call  loose  co-ordination, 
which  is  the  only  kind  that  can  be  profitably  used  in 
this  way.  There  is  one  thing  which  I  think  could  be 
developed  a  good  deal  further  than  it  has  been,  not  only 
by  this  Institution  but  by  united  technical  and  scientific 
institutions  all  over  the  country,  and  that  is,  we  want 
something  in  the  nature  of  a  clearing-house,  or  an 
information  bureau,  a  body  or  an  organization  to  whom 
it  is  possible  to  refer  for  information,  for  references, 
and  for  elementary  facts.  There  ought  to  be  some 
special  body  or  organization  to  answer  questions  and 
give  scientific  information  :  and  if  that  infornaation 
were  readily  available  a  great  many  more  people  would 
avail  themselves  of  it,  and  work  would  be  better  done 
and  better  utilized. 

Mr.  C.  F.  Proctor  :  I  feel,  unUke  the  last  speaker, 
that  there  is  the  nucleus  of  a  very  good  idea  in  this 
paper.  I  quite  agree  with  the  author's  remark  that  we 
must  wake  up,  but  I  doubt  whether  the  war  has  done 
much  more  than  rouse  up  a  few  who  will  only  sleep 
the  sounder  afterwards.  I  cannot  conceive  anything 
that  will  really  arouse  the  average  Englishman.  I  (juite 
agree  with  the  author's  remarks  about  the  foreigner  at 
the  top  of  page  135,  col.  2.  He  will  take  up  an  idea 
very  much  more  readily  than  we  will.  .\t  the  top  of 
the  second  column  on  page  138  the  author  says  :  "  The 
board  would  be  invested  with  full  powers  "  to  say  what 
a  laboratory  must  take  up  and  what  it  must  not  do. 
It  seems  to  me  that  is  too  drastic  ;  there  would  be 
no  end  of  opposition  ;  and  though  I  say  I  think  the 
idea  is  good,  I  think  it  might  be  a  little  modified  so  as 
to  make  it  a  little  more  palatable  to  the  existing  labora- 
tories. On  the  same  page,  it  is  stated  that  the  board 
should  be  nominated  annually.  That  may  be  all 
right,  but  if  they  are  nominated  annually  they  should 
hold  the  post  for  two  years,  otherwise  we  shall  have 
this  position  :  the  moment  the  thing  is  started  every- 
body is  elected,  and  at  the  end  of  the  year  everybody 
is  cleared  out,  and  the  new  members  will  know  nothing 
about  what  is  going  on.  If  some  of  them  hold  the  post 
for  two  years,  those  remaining  in  office  will  be  able 
to  inform  the  new  members  as  to  what  is  going  on.  On 
page  139,  the  author  says  that  the  whole  success  of  the 
scheme  depends  upon  the  ability  of  the  staff  to  grasp 
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at  every  idea  that  might  be  turned  into  something  of 

value.  That,  I  feel,  is  very  in^'portant.  We  have 
seen,  unfortunately,  in  this  war  that  many  things  of 
value  have  been  brought  forward,  and  some  have  been 
adopted  and  some  have  been  shelved  or  only  adopted 
after  a  great  deal  of  pressure.  If  we  are  going  to  have 
a  board  like  this  we  must  have  men  who  are  sufficiently 
alive  to  take  up  new  ideas.  I  ([uite  agree  that  if  there 
is  going  to  be  such  a  laboratory  it  should  be  in  the 
Midlands  rather  than  in  London.  I  may  be  prejudiced, 
but  I  think  London  is  a  sort  of  white  elephant,  too 
big  to  be  handled.  In  the  middle  of  col.  i,  page  140, 
I  most  strongly  support  the  author's  remark  that  old 
ideas  which  have  been  investigated  and  laid  on  one  side 
as  impracticable,  must  not  be  left  on  one  side  but  taken 
up  again.  There  especially  comes  to  my  mind  Swan's 
lamp.  He  laid  it  aside  because  he  could  not  get  a 
sufficiently  good  vacuum,  but  when  Crookes  brought 
out  the  radiometer  Swan  communicated  with  him 
and  succeeded  in  making  a  first-class  vacuum.  On 
page  142  it  is  suggested  that  there  should  be  only  one 
laboratory.  I  say  emphatically.  No  !  We  must  have 
at  least  two.  Probably  n^ost  of  the  older  members 
of  this  Institution  remember  Edison's  patent  of  a  tar- 
paste  filament.  .\  number  of  thoroughly  able  men 
said  it  was  quite  impossible  to  make  such  a  filament, 
whereas  at  least  as  many  others  said  it  was  possible 
and  only  needed  elbow-grease  plus  ordmary  knowledge 
to  make  it  a  success.  That  is  also  true  of  a  great  many 
other  things.  1  am  glad  to  see  on  page  147  that  the 
author  believes  that  our  colleges  are  run  by  business 
men.  Some  people  might  doubt  it.  But  if  such  a 
thing  as  this  is  to  be  a  success  it  is  essential  to  have 
business  men  there,  and  I  think  the  essence  of  the  thing 
may  be  found  in  what  I  would  call  the  idea  of  trying  to 
make  it  pay.  Let  those  employed  feel  that  their  duty 
is  to  make  the  idea  workable,  if  possible,  and  when  it 
becomes  a  success  pay  both  them  and  the  firms  (as  the 
author  suggests)  well.  Some  time  ago  I  was  on  a  Com- 
mittee which  brought  forward  the  question  of  research, 
before  this  Institution.  I  was  in  association  with  Mr. 
McLellan  and  Mr.  Merz,  and  we  backed  very  strongly 
the  idea  of  institutions  supporting  a  laboratory  that 
was  to  work  out  ideas  for  firms.  The  man  employed 
at  the  work  was  to  have  full  credit  for  the  discovery 
if  he  made  one,  but  the  firms  who  were  contributing 
to  the  cost  were  to  have  the  power  to  say  the  thing 
must  be  kept  private  for  so  many  years  at  the  discretion 
of  the  ulstitution  ;  but  when  published,  as  it  would  be 
later  on,  the  man  employed  who  made  the  discovery 
was  to  have  full  credit  for  it,  and  he  was  to  be  well 
paid.  The  institution  was  to  be  paid  a  certain  sum 
all  the  time  the  matter  was  being  kept  private,  to  refund 
them  for  the  work  that  they  had  done  in  connection 
with  it  and  the  support  they  had  given  to  the  idea. 
During  the  war  the  Inventions  Laboratory  was  formed. 
If  an  inventor  can  go  to  a  board  like  this  with  his  idea, 
give  it  to  them,  they  work  it  out,  and  he  cets  a  fair 
payment  for  his  idea.  Then  we  might  expect  improve- 
ments to  go  ahead,  but  the  present  arrangement  is  for 
a  man  to  patent  his  idea  (that  is  publication)  and  the 
big  firms,  if  they  find  it  is  worth  having,  then  take 
it  and  ignore  the  inventor.     If  we  can  make  an  idea  of 
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this  kind  work  (I  do  not  say  quite  so  drastically,  but 
the  I'SM-ncc  is  right)  we  shall  help  the  country'  enormously. 
Mr.  L.  Gaster  :    The  problems  raised  in  this  paper 
are   of  special   importance   to   the   coming   generation, 
;incl    to    the   young    men   of   to-day.     The   educational 
1  ;il>..rt unities   offered   to   young   men   entering   upon   a 
ti-chnical  career  are  already  far  greater  than  in  the  past, 
and  in  the  future  education  can  no  longer  l>e  rcgardi-d 
as  "  a  rich  man's  hobby."     Besides  educational  facilities, 
however,  it  is  vital  that  there  should  be  such  prosix-cts 
as  will  encourage  young  men  to  undergo  this  training. 
A  man  devoting  his  life  to  research,  either  at  private 
works  or  State-aided  industrial  associations,  not  only 
should   receive   an  adequate  salarj*  but  should  partici- 
pate in  the  rewards  for  any  valuable  invention  he  mav 
No  doubt  it  may  be  desirable  for  the  firm  or 
lation  for  which  he  is  working  to  make  an  agrce- 
iiK-iit  with  him.  according  to  which  they  have  the  first 
offer  of  such  inventions  on  mutually  agreeable  tenns  ; 
but  in  the  event  of  their  not  taking  it  up  the  inventor 
should  be  free  to  develop  it  himself.     While  the  scheme 
proposed  by  the  author  is  obviously  diflicult  to  realize 
in  its  entirety,  it  contains  some  valuable  elements.     We 
must  all  agree  that  efforts  should  be  made  to  prevent 
overlapping  of  work,  but  to  a  great  extent  this  could 
be  done  by  co-operation   between   the  leading  centres 
on  a  voluntan,'  basis.     In  visiting  several  of  the  chief 
provincial    universities    some    years    ago    I    was    much 
impressed  by  the  valuable  work  undertaken,  and  the 
extent    to   which    co-operation   is   already    carried.     It 
should  be  borne  in  nund   that  such   universities  only 
derive  a  part  of  their  revenue  from  the  State,  and  could 
not  therefore  be  compelled,  even  by  the  Board  of  Educa- 
tion,  to  adopt  or  abandon   certain   researches  as   the 
board  thought  fit.     Similarly  in  regard  to  the  publication 
and  indexing  of  results  of  researches,  it  is  difiicult  to 
imagine    a   compulsorv-   scheme   being   applied,    and    it 
would    seem    desirable    that    some    method    should    l)e 
adopted,  unifying  so  far  as  possible  the  various  efforts 
to   record   experimental   work   that   already  exist.     In 
the  l'nite<l  States  reports  of  work  from  various  research 
laboratones   are   presented  monthly   in   the  Journal  of 
Iht  J-'ranhlin  InslituU.     In  this  country  there  does  not 
seem  to  be  at  present  any  similar  avenue  for  the  publica- 
tion of  (lata   issued   by  industrial   lalxiratories.      So   far 
a-i  patents  atc  conccrne<l,  ,in  investigator  could  ol>t.iin 
all  the  information  he  nee<ls  at  the  Patent  (Mice  if  the 
work  of  the  latter  were  .somewhat  amplified.     As  the 
staff  <ti  the  Patent  Office  is  mainly  scientific  and  technical, 
and  It  poss(r8.scs  alrca<ly  a  goo<l  library',  it  is  possible    ' 
that  a  central  bureau  might  l>e  established  in  connection    | 
therewith,  working  in  co-operation  with  the  chief  scicn-    , 
tifu  .iml  tedinioil  institutions,  where  researches  of  v.ilue 
might  Iw  t  III  the  manner  suggested.      I  would 

venture   t".  tli.\t   by  an  extension  of  its  duties 

the  Patent  <*lln.e  iimld,  on  p.-ivmcnt  of  ;i  suitalilc  fee, 
durplv  •ifi  inquirer  with  a  record  of  published  dat.i 
I'  I  he  problem  in  whifh  he  is  interestcti,  Ix-fore 

lit    ,  ;cd   to   the   further  stage  of  applying   for  a 

patent,  or  even  before  he  decided  to  commence  his 
invmtigation*  In  this  way  much  nccdlcjiii  expenditure 
of  money  ami  ellort   might  l>c  »ave<l. 

Mr.  W    Judd  :    The  pro|iosal  made  by  the    author 


is,  I  think,  a  natural  one,  and  one  which  will  have  to 
be  adopted  in  some  shape  or  form  in  the  matter  of 
co-ordination  ;  the  central  body  will  naturally  obtain 
information  from  all  the  existing  laboratories,  and, 
without  introtlucing  any  drastic  fonn  of  discipline 
or  of  control,  it  would  have  a  ven.'  great  inlUicnce  upon 
the  work  that  would  l>e  carried  out  there.  Wliat  I 
imagine  .would  l>e  the  initial  difficulty  would  be  that 
most  of  the  laboratories  are  inefficiently  equijiped  owing 
to  lack  of  funds,  and  I  should  imagine  that  almost  the 
first  duty  of  the  central  body  would  be  to  contribute 
such  funds  as  were  necessary  to  place  the  laboratories 
of  the  universities  and  technical  colleges  in  a  position 
to  caiT>"  out  continuous  research  work.  That,  I  think, 
is  the  more  probable  line  of  success.  Then  with  regard 
to  the  advice  to  be  given  to  works  laboratories,  it  would 
be  exceedingly  difficult  to  tell  this  firm  or  that  associa- 
tion of  firms  that  they  are  to  earn-  out  any  specific 
research.  Hut  again,  recommendations  and  wise 
suggestions  to  them  would  probably  result  in  wliat 
might  be  called  a  quasi-co-ordination  ;  and,  as  regards 
the  industrial  laboratories,  it  seems  to  me  that  it  would 
be  most  desirable  that  any  associations  of  firms  or 
industrial  bodies  who  have  decided  to  undertake 
researches  should  associate  themselves  with  the  scientific 
institutions  which  exist  for  the  furtherance  of  that 
same  industry  or  art.  For  instance,  in  all  matters 
of  electrical  research  this  Institution  should  be  associated 
with  them  ;  in  matters  of  mechanical  engineering  as 
apart  from  electrical,  one  could  quite  justly  say  that 
the  Institution  of  Mechanical  Engineers  should  be 
associated  with  the  industry  in  the  same  way  ;  and  so 
on.  This  would  secure  that  the  scientific  view  should 
be  well  mixed,  so  to  speak,  with  the  industrial,  in  order 
to  obtain  a  greater  measure  of  success.  The  scientific 
institutions  themselves  would  also  form  a  ver>-  valuable 
link  between  the  industrial  laboratories  and  those  of 
the  universities. 

Mr.  G.  H.  Ayres  :  We  have  had  a  number  of  papers 
on  research  work,  but,  before  we  can  hope  to  get  very 
far  in  the  co-ordination  of  research  in  the  works  and 
laboratories,  the  first  thing  to  consider  is  the  psychological 
problem  (^f  reconciUng  the  conflict  which  exists  lx?twcen 
the  highly  technical  tj-pc  of  mind  and  the  type  of  mind 
engaged  on  works  management  which  one  might  c.ill 
the  "  pr«)ducti<>n  first  "  tvpe.  Both  types  of  mind 
will  Ix;  readily  appreciated  by  those  who  have  had  c\en 
a  small  .imount  of  designing  exj>erience.  It  seems 
impossible,  to  my  mind,  to  reconcile  these  two  types 
under  one  roof.  The  university  type  of  mind  is  decidedly 
suitable  for  purely  scientific  research.  For  industri.al 
research  the  type  of  mind  required  is  essentially  inven- 
tive, essentially  pnictical,  with  broad  exjieiieiice.  a  keen 
scn.se  «if  projxirtion,  observation  and  foresight  pre- 
dominating. In  the  university  ty]>c  the  mind  is  often 
too  theoretical.  stcreotviK-iI,  .and  quite  disproporti<uiate. 
The  next  thing  one  woulil  suggest  is  the  centralizing 
of  lalMiratones  in  certain  districts,  Ix'cause  if  the  geo- 
graphical position  of  various  industries  throughout  the 
king<lom  were  analysed,  one  would  come  to  the  contlu- 
sion  that  there  is,  to  a  greater  or  less  extent,  a  distinct 
localization  of  each  type  of  industry.  I-'or  instance, 
in  the  cast-iron  piping  industry  two-thirds  of  the  king- 
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dom's  output  is  confined  to  one  straight  line  40  miles 
long,  from  Chesterfield  to  Melton  IMowbray.     I  think, 
therefore,  that  a  scheme  in  which  laboratories  are  situated 
fairl}^  centrally  in  relation  to  the  industry  concerned 
would  be  a  very  good  plan,  and  has  sufficient  in  it  to 
warrant  the  Institution  in\-iting  a  paper  and  discussion 
on  it.     I  should  hlie  to  mention  one  other  item.     The 
author    suggests    that    university    students    should    be 
permitted  to  do.  research  work  of  an  industrial  nature. 
One  feels  inclined  to  doubt  whether  such  a  step  would 
meet    the    requirements    of    manufacturers  ;     because, 
if    educational    training    and    industrial    research    are 
combined,  since  the  educational  training  demands  more 
or  less  a  sandwich  sort  of  system,   the  continuity  of 
the  research  work  is  lost.     Another  point  to  be  taken 
into  consideration  is  how  many  of  our  universities  are 
already  sufficiently  equipped,  and  have  space  available 
for  extensions,  to  carry  out  industrial  research  on  any- 
thing  like   an   adequate   scale.     The   same,   of   course, 
applies    to    those    municipalities    who   have    research 
laboratories.     For  instance,  a  short  time  ago  I  had  in 
hand   some   aeronautical  work,   and  in   a   routine  test 
where  the  dimensions  of  the  article  to  be  tested  were 
by   no   means   extraordinarj',    it   was   found   that   the 
university  had  no  machine  capable  of  performing  that 
test.     Another  drawback  is  found  in  practice,  in  that 
many  of  our   research  staffs   and   university   students 
and    authorities    are    not    permitted    to    participate   in 
the  discussions  at  a  meeting  of  an  Institution  such  as 
this  ;    and  I  certainly  think  it  is  time  that  such  restric- 
tions   were    removed.     It    would    certainly    be   to    the 
advantage  of  the  country  ;    for  surely  men  of  such  a 
calibre  would  have  sufficient  discretion  to  know  when 
they  are  di\-ulging  secret  information  and  when  they 
are    gi^■ing    information    of    national    scientific    %-alue 
without  divulging  secrets.     I  will  mention  one  further 
point.     The  author  deals  with  the  various  individuals 
to  be  put  on  the  board,  and  he  puts  down  ;^4,ooo  for  the 
director    and    about    ;^2,ooo    for    each    of    the    section 
directors.     He  then  gives  a  figure  of  /^joo  for  travelling 
engineers,    and    says    that    these    travelling    engineers 
should  have  a  sense  of  proportion  and  know  when  a 
particular  scheme  or  invention  is  going  to  be  of  practical 
use,  and  whether  to  recommend  or  reject  it.     It  seems 
to  me  that  he  is  here  giving  rather  considerable  power 
to    the    travelling    engineer,    incidentally    reheving   his 
superiors    of  responsibihty,  and  it  seems  contradictory 
to  his  statement  in  the  third  paragraph  on  page  135, 
col.   I.     Thus,  if  we  are  going  to  permit  one  man  to 
accept  or  reject,  the  proposal  seems  to  be  defeating  its 
own  object. 

Lieut. -Colonel  A.  G.  T.  Cusins  :  The  author 
evidently  recognizes  that  trade  competition  is  a  state 
of  war  ;  but  I  doubt  whether  he  reahzed  the  extent  to 
which  we  had  been  at  war  with  foreign  nations,  and 
more  particularly  Germany,  for  the  last  32  years  to 
my  knowledge.  It  is  perfectly  ob\'ious  that  some  co- 
ordination of  all  the  research  work  that  is  going  on  will 
have  to  be  undertaken  if  we  are  to  get  up  to  date  in 
engineering  and  scientific  matters  generally.  Co- 
operation is  comparatively  easy  with  a  few  organizations, 
say  anything  up  to  a  dozea,  but  when  we  get  to  the 
Jarger  numbers   which   would   be  involved,   it  is   hard 


to  see  how  it  is  to  be  carried  out  without  some  central 
bureau  of  information.  I  do  not  like  the  word  "  control  "  ; 
centralization  is  apt  to  lead  to  pedantry  ;  but  what 
all  of  us  require  is  immediate  access  to  information. 
In  that  connection  we  must  all  agree  with  the  author 
when  he  refers  to  the  necessity  of  a  verj^  good  library. 
Under  the  heading  of  "  Records  Office,"  he  says  that 
all  the  reports  from  outside  to  the  centre  "  will  be  care- 
fully collected,  sorted,  and  catalogued  bj-  the  central 
staff,  and  resumes  entered  up  on  the  cards  of  a  card 
register."  To  get  out  all  that  information  in  a  fonn 
which  maj'  be  easily  digested  is,  I  think,  the  crux  of 
the  whole  matter.  How  it  is  to  be  done  is  the  problem. 
It  will  have  to  be  worked  out  in  very  great  detail, 
and  with  very  great  care  ;  but  at  the  present  moment 
it  is  difficult  to  obtain  immediate  information.  One 
can  write  to  various  bodies  and  get  it,  more  or  less, 
but  there  is  no  central  authoritj'  to  which  one  can  write 
and  get  an  immediate  reply  Then  as  regards  the 
encouragement  of  research,  many  ideas  are  lost  for 
want  of  funds  to  carry  them  out.  There  should  be, 
in  connection  with  research,  some  body  to  which  a 
promising  inventor  could  refer  his  ideas,  and  if  they 
were  approved  by  such  a  body  then  there  should  be 
some  funds  for  putting  them  into  practical  form.  In 
connection  with  universities  particularly,  some  form 
of  scholarship,  which  should  take  the  form  not  so  much 
of  a  prize  as  the  granting  of  special  facilities,  is  well 
worth  considering.  In  conclusion,  all  those  concerned 
in  research  ought  to  hold  their  heads  up  and  insist  on 
being  heard,  if  possible.  The  people  who  create  are  the 
people  who  will  control  future  development,  and  unless 
the  creative  brain  is  considered  we  may  find  ourselves 
outpaced  by  some  nation  which  wiU  not  only  consider 
their  own  creative  brains,  but  will  take  advantage  of 
ours  as  well. 

Mr.  J.  G.  Pearce  :   The  paper  is  a  bold  and  courage- 
ous attempt  to  deal  with  co-ordination  in  a  field  in  which 
i    co-ordination  is  admittedfy  difficult.     In  parts  it  would 
appear  that  the  author  did  not  fully  realize  the  great 
changes   that   are   taking    place   in    British    industries 
in   the   direction  of  amalgamation,    or   appreciate   the 
I    existing    scheme     of     the     Research    Department    for 
1    encouraging    the    formation    of    research    associations, 
'   since    he    speaks    of  the    manufacturer   who   is   "  still 
I    content     to    jog  along   on    his    own,    too    independent 
I   or  too  proud  to  seek  the   help  of  his  fellow-workers." 
I    If    manufacturers    have    not    shown   any  undue   haste 
to   form   such  associations,  it   is   mainly    because  they 
fear    that    the    powers    retained    by   the    department 
will     sap    their    independence     of     action,     although 
'    these    are    only   a    pale    shadow    of   the   powers   that 
1    the  author  would   confer.     He   suggests   that   a   huge 
national  laboratory  would  be  impracticable  on  account 
'    of  the  difliculties  of  cost,  staff  and  site.     I  would  suggest 
that  the  real  ground  for  impracticability  does  not  lie 
in  any  of  those  things,  but  in  the  fact  that  concentration 
beyond  a  certain  point  defeats  its  own  ends.     I  think 
it   may   be   taken   as   axiomatic   that   in   this   country 
progress  comes  through  local  administration  and  respon- 
sibility,    co-ordinated     by     central     supervision.     This 
gives   play  to  the   emulation   which  arises  from   local 
rivalries  and  municipal  rivalries,   and  finds  for  a  maxi- 
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mum  number  of  jxxiplc  sunn.  luiiLtKni  ol  iiUtiist  to  be 
j"  T-f  rtT>r<1.  with  .1  minimum  of  bureaucratic  ofticials.  The 
tliat  a  ^linIstr^•  of  Research  should  take  con- 
;■  — carch   institutions  cannot  be  taken  seriously, 

because  it  would  ignore  these  fundament;il  considerations 
on  which  our  whole  sN-stcm  of  government  is  based,  our 
genius  for  decentralization  and  devolution,  independent 
responsibility  and  local  action.  The  drastic  character 
of  the  proposals  is  somewhat  nuKlilied  by  the  suggestion 
that  the  Iward  should  have  the  same  relationship 
to  the  laboratories  as  the  Board  of  Education  bears 
to  grant-aided  schools,  but  it  must  be  borne  in  mind 
that  part  of  the  money  use<l  for  financing  research 
would  be  privately  subscribed.  It  is  proposed  to  set 
up  a  central  organization  having  63  oflicials  and  40 
oflice  assistants,  none  of  them  active  research  men  or 
inspirers  of  research  men,  taking  out  of  a  total  main- 
tenance cost  of  ;f97,ooo  per  annum,  which  includes 
office  accomm(xlation,  stationery  and  travelling  expenses, 
a  sum  of  not  less  than  ;(;07,ooo.  How  much  is  left 
for  endowing  research  ?  In  any  case  the  scheme,  which 
is  dcsigne<l  for  and  is  ambitit)us  enough  to  cover  the 
whole  countn,-,  and  yet  involves  the  expenditure  of 
no  mfire  than  the  sum  of  ^^g-.ooo  a  year,  will  not  scratch 
the  surface  of  this  \'ast  problem.  These  points  are  so 
fundamental  that  any  other  remarks  must  refer  to 
matters  of  detail.  As  Dr.  Rosenhain  has  pointed  out, 
it  is  impossible  to  organize  pure  scientific  research. 
Interference  with  or  pressure  on  a  research  specialist 
does  no  g<x>d  and  may  do  harm.  Such  work  can  be, 
and  of  course  ought  to  be,  encouraged  with  sympathy 
and  material  assistance  such  as  the  Department  of 
Scientific  and  Industrial  Research  is  affording.  More 
scholarships  for  youths  from  the  secondary  schools  to 
the  universities  are  required,  and  financial  assistance 
must  lx^  given  to  mature  workers.  The  universities 
themselves  are  already  sufficiently  independent  in 
spirit,  and  Sfime  arc  sufficiently  well  endowed,  to  be 
able  to  refuse,  and  rightly  refuse,  to  barter  their  indo- 
f>cndence  for  the  sake  of  a  co-ordination  of  effort  of 
doubtful  \aliif.  'lliey  know  that  the  personal  factor 
enters  so  Largely  into  pure  research  work  as  to  make 
co-ordinati«jn  difficult  and  even  barren.  In  one  place 
the  author  suggests  that  legal  powers  are  neccssarj*, 
and  in  another  tliat  they  arc  not  ;  in  one  place  that 
the  I  oard  should  control  works  laboratories,  and  in 
another  place  that  manufacturers  should  have  the 
option  of  entering  the  scheme.  Such  dragooning  as 
compelling  a  privately-owned  Liboratory  to  become 
part  fif  a  vast  State  scheme  is  indefensible.  1  would 
i»ugK'"'<'  '''at  the  primary  error  lies  in  the  supposition 
that  t'>  secure  the  ndvantiges  of  coordination  a  geo- 
graphical ccntraliruition  of  control  is  desirable,  while 
•till  IcM  right  is  the  assumption  that  co-ordination 
involves  the  lowi  of  all  local  indrjiendence  and  power 
of  vr-Iuntary  action.  If  co-ordination  did  involve  these 
•  liin>;»  It  would  Ik-  purclia.M-d  at  too  high  a  Jirite.  Prom 
that  jxiiiit  of  virw  ihr  prinf  ijial  tlirsi's  iii  the  pa|>er  would 
api^-.ir  I''  ■    anil  the  problem  of  what  should 

Iw  d'lti'-  I'-  y  as  it  would  ap|)ear  on  the  surface. 

It  il'K-i  ii'it  admit  »■(  a  minple  Miliition,  and  there  I 
•hould  likr  to  indi<..-i(<-  exactly  where  1  agree  with  l,>r. 
R'Acnhain  and  where  I  differ  from  him.     Pure  science 


rcsian. Ii,  as  he  says,  docs  not  require  co-ordination  in 
the  ordinary  sense.     It  is  a  positive  advantage  to  have 
a  number  of  men  working  at  the  same  problem,  looking 
at  it  each  from  his  own  angle.     But  in  order  to  minimize 
duplication    and    overlapping    a    world-wide    collection 
and  dissemination  of  information  concerning  pubhshed 
I   researches  is  required,  and  in  that  respect  I  can  cordially 
I   agree  with  the  author  with  regard  to  the  reconls  office, 
which  should  be  attached  to  each  works  and  university 
I    laboratory-.     One  might  examine  in  detail  the  suggestion 
put  forward  for  a  bureau  of  information.     In  my  view 
I    evcrj-  institution   which   requires   to   be  supplied   with 
j    information,  whether  it  be  a  manufacturiTs'  association, 
I   a    technical    institution,    a    research    association,    or    a 
works  laboratory-,  or  whatever  it  may  be,  should  have 
I   attached  to  it  a  department  known  as  the  intelligence 
I   department,    to  serve   as   the   records  office   for   filing 
;   information    and    for   sj'stematically   obtaining   it.     It 
!   should  be  in  touch  with  sources  of  information,  and  I 
I   can  conceive  that  the  common  interests  of  such  depart- 
I    ments  of  intelligence  might  lead  to  the  formation  of  a 
I    central   bureau,   which  is  ver)-  closely  linked   up  with 
the   proposals   for   a   united   societies'   library'  ;     but    I 
'   do  not  think  that  a  central  bureau  which  merely  records 
the    bibliographical    entries    of    additions    to    existing 
knowledge,  such   as   has  been   established  in   Paris  or 
Brussels,   would   be  of  any  particular  value  unless  it 
were  the  apex  of  this  pyramid  of  local  research  depart- 
ments, through  which  the  central  body  would  function, 
and  I  would  suggest  that  it  is  because  the  central  Ixidies 
in  Brussels  and  I'aris  ha%-e  not  Iwcn  supporttnl  by  local 
institutions  that  they  have  not  justified  the  exix-ctations 
of  their  founders.     I   diflfcr  from  Dr.   Rosenhain  as  to 
the  impracticability  of  co-ordinating  industrial  research. 
The  problem  of  co-ordination  will  here  solve  itself  <wing 
to  the  high  cost  of  such  work  when  undertaken  indi\-id- 
tially.    The  high  cost  of  industrial  research  makes  the 
formation  of  research  associations  imj>erative.     That  is 
one  solution,  and  centralized  laboratories  for  groups  of 
works  represent  another  equally  as  interesting.    Inter- 
change of  information,  and  interchange  of  visits  between 
the  staffs  of  industrial  concerns  present  .inotlicr.     The 
ready  adoption  by  industry  of  the  results  of  pure  science 
work  is  largely  a  matter  of  having  men  associated  with 
industrial  firms  who  can  carry  on  industrial  research. 
In  supposing  that  manufacturers  will  conxxy  all  the 
results  achie%-ed  to  a  board  of  control,  e\-en  under  the 
strictest    secrecy,    I    think    the   author   betra\-s    undue 
optimism.     The  IVpattment  of  Scientific  and  Industrial 
Research  h.-vs  tried  that  and  found  it  wanting.     Kxactly 
how   industrial   research  should   be  co-ordinated   is  an 
cxtrcniely  diflirult   matter,   into  which   time  does  not 
permit  one  to  enter  :    but  it  is  much   more  complex 
than  the  pajxr  would  le.id  one  to  .inticipatc. 

Mr.  C.  C.  Paterson  :  I  am  sorry  to  say  th.it  I  am 
in  accord  with  a  good  many  of  the  speakers  this  evening 
in  disagreeing  with  the  author  of  tins  paper  in  very 
nearly  ever\-  jiartiiul.ir  'lliis  jiaper  seems  to  me  to 
pro]>ose  nothing  more  or  less  than  the  intmdiution 
of  mihtarism  into  research.  By  that  1  mean  it  is  t.iking 
,iway  all  the  human  eleinrnt.  the  incentive  which  comes 
from  the  prrscmal  satisfaction  of  any  man  in  controlling 
to   some   extent    his   own    destinies.     Now    before    wr 
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undertake   such    a    big   change    as  this   we  must  have 
thorough  justification  for  it.    The  author  has  pointed  out 
in  the  paper  that  neither  America  nor  Germany  has 
co-ordinated   its   research   to    any   appreciable   extent. 
We  have  therefore  no  actual  experience  to  show  how 
such  a  centraUzed  organization  as  this  will  work  out, 
or  whether  it  is  in   any  way  necessary.     The  author 
gives  two   main  reasons,   as   far  as   I   can   understand 
it,   to   justify  this   large,   all  embracing  scheme.      The 
first  one  is  organization.     He  finds  a  wonderful  panacea 
in  organization.     At  one  point  the  author  triumphantly 
sums  up  the  whole  thing  in  the  words  "  Unity  is  Strength." 
I  suggest  that  in  a  matter  of  this  kind  the  curve  connect- 
ing unity  and  strength  has  an  optimum  value,  and  that 
optimum   value   Ues   fairly   far   down   on   the   scale   of 
unity  ;   that  too  great  an  attempt  at  unification  is  going 
to   mean  great  weakness.     This  is  certainlj'  indicated 
by  what  the  author  says  on  page   139.     He  suggests 
that   he  would   have   a  number  of  large   departments 
under  separate  directions — mining,  civil,  electrical  and 
so  on — different  sections,  not  necessarilj-  located  together. 
Now  my  notion  of  an  ideal  laboratory  where  research 
can  be  carried  out  with  the  greatest  prospect  of  success 
is    a    small    unit,    complete    in   itself,    where    different 
branches  of  science  can  combine  in  close  co-operation 
with  each  other.     I  am  sure  one  would  never  get  good 
electrical  research  by  divorcing  it  from  the  best  physical 
or  chemical  influences.     One  must  have  a  laboratory 
which  contains  all  the  sections.     Then  the  second  main 
reason  the  author  gives  for  his  proposals  is  the  avoidance 
of   overlapping.     One    of    the    greatest    disadvantages, 
in  my  view,  of  his  proposed  scheme  is  that  it  is  designed 
to  prevent  overlapping.     As  Dr.  Rosenhain  has  already 
pointed  out,  overlapping  in  research  is  niost  vital,  and 
to    try   to    avoid    overlapping   is    a    fallacious    pohcy. 
It  would  be  easy  to  run  through  the  paper  and  make 
remarks  in  detail  about  many  portions  of  it  with  which 
one   disagrees.     I   should  only   like   to   take   exception 
to  one  or  two  points  here  in  detail.     First  of  all,  where 
the  author  says  that  in  Germany  the  firms  have  sunk 
their  individuaUty  and  combined  for  patriotic  reasons, 
I  cannot  believe  that  these  firms  did  anything  of  the 
kind  ;     I   should   think  they  were   bought   up   by   the 
larger  firms.     Then  I  take  a  very  strong  exception  to 
a  remark  on  page   144,  where  the  author  saj's  :  "  On 
the  other  hand,  the  whole  raison  d'etre  of  works  labora- 
tories is  to  deWse  the  most  suitable  means  of  applj-ing 
the   laws  discovered   bj'  the  university  laboratories   to 
commercial  requirements,  for  the  sole  purpose  of  making 
money."     I  think  that  is  taking  an  exceedingly  low  view 
of  any  research  or  of  the  running  of  any  industr\^     I 
hold   that   industries   are  not   carried  on  for  the  sole 
purpose  of  making  money.     If  we  had  alone  that  low   \ 
ideal  in  our  industries  they  would  never  prosper.     I 
am  sure  most  people  in  this  Institution  work  mainly   1 
with  the  idea  of  building  up  a  strong  industry  in  this 
countiy,   and  that   as  far  as   they  are   concerned   the 
actual  making  of  money,  though  necessary-  for  stabihty   , 
and    future    progress,    is    not    the    only    consideration. 
For  dealing  with  research  in  this  country  I  prefer  the 
idea  Mr.  Judd  has  put  forward,  in  preference  to  that 
of  the  author.     Let  us  have  a  number  of  strong  units  ; 
let   the   existing  university   and   other  laboratories   be 


really  stiffened,  as  regards  both  staff  and  equipment  ; 
let  us  have  a  number  of  units  which  are  really  efficient 
each  in  itself,  to  cover  a  good  range  of  subjects,  and 
try  to   get   co-ordination   between   them   through   the 
mutual  intercourse  of  their  members.     It  appears  to  me 
that  in  this  way  we  shall  do  far  better  than  by  adopting 
a  big  central  scheme  with  its  apostolic  succession  of 
director    and    sub-directors    and    vnih    the    deadening 
influence  of  a  Government  Department  at  the  head  of  it. 
Mr.  E.  T.  "WilliaiKS  :   I  take  a  rather  different  \-iew 
from  that  of  the  speakers  to-night.     JMy  opinion  is  that 
in  this  paper  we  have  proposals  of  great  value.     We  may 
not  agree  with  the  details,  but   in  the  spirit  of  it  we 
have,  I  think,  something  which  we  should  take  up  and 
carry   through.     Now    what    I    think   the    author   felt 
was  this.     We  have  in  our  Empire  many  most  admirable 
scholastic  institutions  and  research  laboratories,  which 
are  not  co-ordinated  and,  what  is  even  more  important, 
there  is  no  organization  whereby  the  potential  value 
of  all  the  brain  power  employed  in  them  can  be  utilized 
in    industry.     The    author    saw,    when    li\-ing    abroad, 
that  the  Germans  excelled  in  breadth  of  vision  and  in 
organization  ;    and  we  have  to  face  the  fact  that  the 
United  States  are  not  only  approaching  a  similar  excel- 
lence in   organization,   but   that  they   have   what   the 
Germans  lack  as  a  people,  \-iz.  creative  power.      Our 
Empire  has  to  face  the  important  fact  that  the  United 
States  with  their  wonderful  national  resources,  creative 
power,  and  organizing  abihty  are  going  to  be  very  keen 
competitors.     I  believe  we  can  meet  them  if  we  foUow 
the  spirit,  though  not  necessarily  the  letter,  of  a  paper 
like   this.     Those  of   us   who   have   lived   in   the    East 
reaUze  that  the  future  hne  of  demarcation  between  the 
races,  as  regards  progress,  will  be  that  those  who  use 
their   brains    are    going    to    lead.     The    Eastern    races 
particularly    are    such    admirable    workers    with    their 
hands  that  as  they  are  developed  they  will  very  rapidly 
approach  in  excellence  what  we  have  attained  ourselves  ; 
and,   if  we   are   going  to   hold   the  same   comparative 
position  in  the  future,  we  have  to  look  to  brains.     It  is 
by  means  of  co-ordinating  the  possibiUties  of  our  brains 
that  we  shall  utiUze  them  to  the  best  advantage.     I 
should  therefore  hke   to   illustrate  on   the   blackboard 
by  a  diagram  a  very  simple  way  of  carrying  out  some 
such  scheme   as  this.      Suppose   we   have  a  board   as 
proposed    by    the    author,    then    I    think    that    that 
board  should  consist  of  tivo  elements,   one  of  which  I 
will  call  research  and  development,  and  the  other  I  wiU 
call  apphcation.     There  is  any  amount  of  development 
and   research   work   going   on   to-day   which   is   never 
applied.     The  board  I  should  keep  as  small  as  possible  ; 
and  I  do  not  think,  anyhow  to  start  with,  that  it  ought 
to  undertake  research  work  itself.     The  work  of  the 
board  should  be  to  co-ordinate  research,  not   to  do  it. 
This  would  be  a  paid  board,  which  should  set  up  in 
the   country   honorary   committees.     The  country   can 
be  very  sunply  divided  up  in  this  way;  and  we  ought  to 
be  very  careful  to  secure  in  the  committees  the  valuable 
elements  of  both  research  and  apphcation.     But  in  a 
district,  say,  hke  Manchester,  where  there  are  several 
very  important  industries,  I  would  have  sub-committees 
of  these  honorary  committees  deahng  with  the  industries 
themselves.     So  here  we  have  an  industry,  say,  deahng 


lot 


COXSTAXTINE  :   CO-ORDIXATIOX   OF   RESEARCH    IX 


with  cotton,  kmking  out  for  development  in  cotton 
work  but  co-ordinated  through  the  committee  with 
other  industrial  development.  I  think  the  value  of 
this  orpanization  would  be  ver\-  great.  l-"irst  of  all 
it  would  be  comparatively  small,  and  inexpensive  to 
run.  as  the  l>oard  would  not  be  carT\nng  out  development 
itself  but  would  be  co-ordinating  all  the  efforts  of  the 
committees  in  the  country-,  and  in  that  way  making 
the  greatest  use  of  them.  A  man  having  an  idea  to-day 
knows  nowhere  he  can  go  and  get  protection  and  develop- 
ment for  it.  He  would  be  able,  under  the  proposed 
scheme,  to  go  to  such  a  board  as  this,  and  the  board 
would  know  the  way  and  the  place  to  get  that  man's 
idea  developed. 

Mr.  L.  W.  Phillips  :    The  main  fact  which  has  been 
lx>n»c  in  upon  me  both  by  the  reading  of  the  paper  and 
by  the  discussion  which  has  taken  place  since,  is  that 
the  success  of    any  attempt   at    the    co-ordination   of 
research  work  depends  not  so  much  upon  the  organiza- 
tion,  as   upon   the  spirit  which   the  scientific   workers 
bring  to  bear  upon  their  work.     The  issue  of  whether 
co-ordination  is  to  be  successful  or  not  is  far  wider  than 
the  limits  of  this  Institution.     We  are  considering  the 
whole    problem    of    individuaUsm    versus    collectivism, 
and  the  one  thing  that  stands  in  the  way  of  any  progress 
which  we  might  make  is  the  fact  that  we  are  mainly 
dealing    with    individualists.     Take,    for    instance,    the 
individual  difficulty.     It  is  often  assumed  that  when 
an   engineer   gets   into  a   position   of  responsibiUty  he 
must  never  "  give  himself  away."     He  is  often  looked 
upon  as  an  individual  who  is  an  expert  on  all  subjects 
and  possessed  of  all  knowledge,  so  that  it  means  quite 
a  lowering  of  dignity  and  loss  of  pride  on  his  part  to 
have  to  confess  that  there  are  many  things  he  does  not 
know.     Sincerity   under   these   conditions  is   not  easy, 
but  until  we  confess  that  there  arc  a  few  things  which 
we  do  know  and  many  that  we  do  not,  we  shall  not 
make  any  prog^ress.     Supposing,  however,  we  arc  able 
to    subdue    the    individual    interest    for    the    collective 
welfare   of   one   branch   of   our   industry',    what   then  ? 
The   author   has    pointed   out   on   page    142   two   very 
clear  ■  the  failure  to  learn  anything  definite 

about  !uer  oil.   as   to   its   combined    insulating 

and  thermal  properties,  als<j  the  question  of  aluminium 
solder.  Why  is  that  so  ?  Is  it  not  because  individual 
firms  are  concerned  not  so  much  with  the  production 
of  efficient  apparatus  or  the  Ixrst  materials,  as  with 
their  exploitation  of  that  product  and  the  extraction 
of  patent  anil  royalty  rights  from  it  ?  Going  farther, 
howpvpf,  .nnd  .issiiminp  wf  pot  the  ro-ordiniition  so 
f  .  ■  mod  ;    what 

i  l:  n\d(istrics  ? 

I  1  les.      i  here  h.is  never 

I  ,    Mson  ;     no    one    really 

>!  Imiitations  and  possible  adaptations 

«  '  Mv,   but    if   we  are  going  to   tackle 

I'  :ial   spirit,  it  may  mean  that  some 

i  to  |)c  limited  or  even   eliminated 

I'  '-  whole.     Still  (urllic-r,  I  should  like 

here    lu    iiuikc    .1    |,lc.-i    (or    the   intrrii  ition    of 

Urit^ro       If    ni  th"  .Ti'ti'tr  points  'tiil  i^|.  the 

«  ■       i    ol 

<r  ■  ;"ins 


that  we  may  be  foremost  in  the  fight  for  the  markets 
of  the  world,  for  the  making  of  ourselves  supreme,  then 
it  can  only  mean  that  the  whole  of  our  efforts  are  going 
to  be  frustrated  and  overthrown  by  another  world  conflict. 
For  it  is  generally  recognized  that  international  warfare 
on  the  battlefield  is  only  the  continuation  of  industrial 
warfare.     I     would     plead     that     we     internationalize 
knowledge  ;    that  in  a  scientific  association  like  this  we 
endeavour   to   get   that   spirit   into   our   investigations 
which  shall  make  it  come  about  that  the  desire  of  research 
shall  not  be  national  supremacy,   but  the  welfare  of 
the   whole  of  humanity,   and  that  our  research  shall 
be  carried  out  in  such  a  spirit  that  we  can  be  sure  the 
world  will  not  be  overwhelmed  by  such   a  disaster  as 
we  liave  just  passed  through.     In  our  technical  abstracts 
from  the  foreign  Press  wc  arc  willing  to  take  advantage 
of  the  work  of  foreign  scientists,  why  then  should  net 
we  follow  the  lead  of  Labour  ?     I-abour  is  setting  up 
its  "  Internationale  "  to  regulate  industrial  conditions 
throughout  the  world,  and  we  as  scientists  should  follow 
that  lead.     We  should    have  an   "  Internationale  "  of 
Science  where,  so  far  as  possible,  all  can  put  forward  their 
ideas  not  for  the  profit  of  one  nation  but  for  the  well- 
being  of  the  whole  world.     There  is  one  point  which  I 
think  is  very  important  and  that  is  the   establishment 
of  a  central  library.     It  would  help  very  largely  at  the 
present    time    in    scientific    research    and    make    more 
effective  that  central  library  when  established,  if  we 
had    a    standard    classification.     When    one    reads    a 
scientific  article  one  has  either  to  go   very  carefully 
into  it  to  know  exactly  what  it  is  dealing  with,  and  then 
perhaps   find   that   it   is  not   the  particular  subject   in 
which  one  is  vitally  interested,  or  else  classification  has 
to  be  performed  carelessly  or  left  to  people  who  are  not 
technical  and   who  in  consequence  cannot  do  it   well. 
It  we  could  persuade  our  Kngineering   Institutions  to 
standardize  classification  so  that  at  the  head  of  every 
technical    article   which    appeared    in    the    Press   there 
were  some  specified   letters  showing  what  the  article 
referred  to,   then  it  would  save  a  great  deal  of  time, 
and  allow  of  indexing  being  carried  on  by  non-technical 
people.     Then.  too.  it  would   be  a  great  advantage  in 
the  existing   libraries.     .\   man   may   have   the  run   of 
one  library,   know  exactly  where  to  put  his  finger  on 
technical  details,  but  goes  to  another  librari,-  and  has 
nochanceof  finding  what  he  wants.     With  a  standardiza- 
tion   of    classification    applied    to    .scientific    literature 
throughout  the  I'nited  Kingdom  to  begin  with,  it  would 
make  it   possible  to   get   at   a  good   deal   of   scientific 
inlonuation  which  at  the  present  time  is  not  available. 
In   this  connection    I   would  point  out  that  in  System 
for  last  Octolier,  there  w.is  the  beginning  of  a  nmemonic 
methrnl    of   cla.ssification.    taken    down    to    the    si-tond 
letter.     That  is  a  scheme  which  I  believe  would  n-tom- 
mend  itself  very  largely  to  engineers,  for  at  the  present 
day  the  syM'  '"  "l"  '1  holds  the  field   is  that  of  l>ewey, 
which  is  a  «!■  lein  having  relation  to  the  subject. 

\  n\iml>er-(  l.i^iiH  .li  ion  can  never  be  suggestive  of  the 
matter  dealt  with  Dealing  with  the  utility  of  the 
mnemonic  system,  I  would  jHiint  out  that  the  British 
Industries  l"airs  have  adopted  it  and  the  American 
Navy,  in  (lassilving  20,000  documents  of  experience 
gained  during  the  war.  have  also  adopted  the  mnemonic 
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idea.  One  final  suggestion  I  should  like  to  make  is 
that  the  Institution  should  send  round  a  form  in  which 
they  invite  research  workers  in  this  country  to  send  in 
their  names  and  the  particular  research  with  which 
they  are  associated.  The  Institution  could  then  group 
individuals  that  are  connected  with  each  particular 
line  of  research,  and  just  as  we  have  our  local  Institution 
meetings  it  might  be  possible,  even  in  a  district  like 
London,  to  have  people  who  are  interested  in  one  parti- 
cular line  of  research  naeeting  together  for  their  mutual 
advantage. 

Mr.  G.  L.  Addenbrooke  :  I  have  had  a  good  deal 
of  experience  of  what  people  are  pleased  to  term  research 
work,  and  I  should  like  to  make  two  or  three  sugges-  , 
tions.  There  is  a  very  great  value  in  the  publication 
known  as  Science  Abstracts;  but  the  difficulty  which 
I  have  found  is  that  the  abstracts  are  not  long  enough  ; 
in  fact  my  feeling  for  some  time  has  been  that  it  would 
really  be  almost  better  to  cut  the  abstracts  down  to 
the  mere  titles  and  practically  do  away  with  the  de-  j 
scriptive  part.  The  abstracts  at  present  in  the  depart- 
ment I  have  come  across  are  often  very  misleading.  I 
do  not  blame  the  abstractors  ;  they  are  limited  to  a 
certain  space.  If  one  has  only  a  short  abstract  of  a 
paper  one  gets  very  often  a  misleading  idea  of  what  is 
in  that  paper.  I  beUeve  the  value  of  Science  Abstracts 
would  be  enormously  increased  if  the  abstracts  could  j 
be  somewhat  longer,  and  all  figures  and  tables  possible  i 
be  put  into  them.  I  do  not  think  that  would  increase  1 
the  expense  very  largely.  There  is  another  point  j 
which  has  come  before  me  for  a  great  many  years, 
and  that  is  what  may  be  called  the  starvation  of  the 
scientific  societies  of  this  country'.  I  have  presented 
papers  on  several  occasions  to  such  societies,  and  some 
of  them  have  been  published,  and  I  have  had  opportuni- 
ties of  talking  to  the  secretaries,  and  I  myself  have  been 
secretary  and  treasurer  to  one  of  those  societies.  The 
bane  of  all  these  societies  is  the  cost  of  the  publication 
of  journals  in  comparison  with  their  resources.  It 
does  not  apply  to  a  large  Institution  like  this,  which 
has  sufficient  resources  to  be  able  to  publish  a  great 
deal  of  matter,  but  a  number  of  societies  such  as 
the  Physical  Society  could  not  possibly  do  so.  The 
incomes  of  many  societies  in  this  country  have  not 
advanced  durmg  the  last  20  years  anything  like  pro- 
portionately with  the  number  of  research  workers, 
and  research  has  been  stunted  verj'  largely  m  conse- 
quence. The  censors  are  under  the  compulsion  to  cut 
down  every  paper  to  a  minimum  and  often  to  reject 
papers  they  would  pass  if  they  had  more  libertjr.  Every 
notification  one  gets  from  a  secretary  is  :  "  Be  as 
brief  as  possible  ;  cut  it  down,"  and  the  censors  very 
often  cut  out  paragraphs  which  they  think  are  unim- 
portant, but  which  probably  other  people  might  think 
very  important  indeed.  Well,  I  think  that  is  a  great 
pity,  and  one  which  might  be  remedied  at  a  very 
moderate  cost.  A  few  hundreds  a  year  given  to  leading 
societies  who  are  not  wealth}',  and  societies  like  the 
Physical  Society  who  are  very  poor  in  comparison  with 
the  importance  of  the  work  they  have  to  do,  to  allow 
them  to  extend  reasonably  their  publications  would 
give  a  chance  to  a  great  number  of  original  workers 
working  by  themselves,  and  I  believe  that  is  the  basis 


on  which  to  found  any  efforts  to  foster  the  best  research. 
I  have  for  my  own  work  gone  over  a  good  deal  of  the 
work  of  Maxwell  and  Joule.  One  of  the  reasons  why 
Maxwell  and  Joule  did  such  a  very  great  work  was  that 
they  had  moderate  private  fortunes.  They  did  the 
work  for  the  love  of  the  thing  ;  Maxwell's  professorships 
were  not  absolutely  necessary  for  him.  I  mention  these 
cases  as  a  parallel  to  that  of  the  existing  societies. 
They  might  be  helped  with  a  moderate  subsidy'  which 
would  be  similar  in  its  effects  to  a  private  person  having 
some  settled  income,  even  if  this  applied  only  to  that 
one  matter  of  funds  for  publication.  This  would  in  its 
turn  help  a  great  many  people  who  would  be  encouraged 
to  send  papers,  which  would  now  probably  be  refused 
owing  to  the  fact  that  only  matter  of  the  highest 
standard  can  be  published.  It  is  also  notorious  that 
undue  censoring  in  the  past  has  refused  or  kept  back 
for  years  some  of  the  most  important  papers  which 
workers  have  sent  in. 

Mr.  E.  H.  Rayner  (communicated)  :  I  have  given 
the  paper  very  thorough  consideration,  largely  on 
account  of  the  importance  of  the  subject  to  the  well- 
being  of  all  branches  of  the  electrical  profession  and 
industry  and  therefore  to  the  Empire,  and  partly  on 
account  of  the  peculiar  circumstances  in  which  it  has 
come  before  the  Institution.  The  least  one  can  do  is 
to  study  such  a  paper  most  thoroughly  and  sympatheti- 
cally before  criticizing  it.  If  the  following  notes  cover 
much  of  the  ground  traversed  by  Dr.  Rosenhain  and 
others,  they  are  put  forward  because  they  were  made 
before  the  reading  of  the  paper  and  without  any  knowledge 
of  their  views.  The  author  states  in  the  second  column 
of  page  135  that  in  Germany  the  smaller  concems  have 
allowed  themselves  to  be  merged  in  great  trade  combines 
for  the  benefit  of  the  nation  as  a  whole.  It  may  be  so 
in  some  cases  ;  but  probably  the  cause  is  generally  much 
the  same  as  in  other  countries.  The  financial  methods 
in  Germany  often  resulted  in  the  large  banks  ha\'ing 
the  real  power  in  industrial  matters,  sometimes  obtained 
by  the  common  methods  adopted  by  countries  in  which 
the  conditions  are  favourable  to  the  formation  of  trusts, 
and  often  by  the  firms  requiring  credit  for  working 
capital,  which  practically  made  them  the  property  of 
the  great  banks.  The  altruism  suggested  in  the  sentence 
is,  I  think,  of  the  same  nature  as  that  which  impels 
the  average  school-boy  to  school  on  a  fine  summer's 
day.  It  is  a  question  of  control  by  superior  power. 
The  real  point  of  importance  is  summarized  at  the 
bottom  of  the  first  column  of  page  138,  where  the  author 
outlines  the  organization  of  his  scheme  "  centrahzing 
under  one  board  or  committee  the  control  of  all  the  re- 
search laboratories  attached  to  the  universities,  colleges, 
and  training  institutions  of  the  country,  as  well  as  of 
a  large  number  of  similar  experimental  laboratories 
connected  with  private  works.  .  .  .  The  board  would 
have  full  powers  to  order  any  laboratory  to  undertake 
certain  research  work  or  to  leave  another  research  alone 
or  to  transfer  equipment  and  personnel."  Assuming 
the  board  were  composed  of  the  best  possible  individuals 
for  the  purpose,  such  a  scheme  sins  against  one  of  the 
fundamental  conditions  for  healthy  research,  which 
is  freedom.  The  type  of  research  work  which  is  com- 
monly carried  out  at  universities   is  very  generally  of 
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fundamratAl  importance  in  physics  or  biology.  An 
excellent  example  was  furnished  by  the  interesting  ' 
discussion  at  tlie  Joint  Meeting  last  week  with  the 
Royal  Society  of  Medicine.  How  can  any  board  of 
men,  however  willing  to  help,  be  capable  of  instruct- 
ing a  Faradav.  Clerk  Maxwell,  Kelvin.  Helniholr, 
RowLind,  John  Hopkinson  or  BtTtram  Hupkinson, 
Michelson,  Langmuir  or  J.  J.  Thomson,  as  to  what 
branch  of  research  they  were  to  undertake,  or  to 
leave  alone  ?  Such  a  scheme  would  effectually  suffocate  ' 
real  progress  ;  and  it  is  in  addition  suggested  tliat 
the  uni\-ersity  should  pay  ;{,soo  a  year.  I  venture  to 
state  tliat  if  such  a  board  or  a  majority  of  the  members 
of  the  Institution  went  round  the  laboratories  most 
famous  for  their  contributions  to  our  knowledge  of 
the  fundamental  properties  of  matter,  whether  ph\'sical, 
chemical,  or  mechanical,  they  would  learn  but  little 
of  their  secrets.  Each  research  of  importance  demands 
new  ideas,  tools  and  methods,  which  would  be,  as  it 
were,  a  dead  language  to  the  majority  of  outsiders. 
It  is  important  to  realize  what  character  would  be 
assumed  by  researches  carried  on  by  a  research  board. 
The  researches  that  will  come  under  such  a  board  as  is 
suggested,  %vill  be  such  as  individual  firms  have  not 
been  able  to  solve.  They  will  have  tried  certain  pro- 
cesses or  methods  for  economic  reasons  with  perhaps 
little  or  no  success.  The  subject  may  be  too  abstruse 
or  difficult,  and  be  beyond  their  powers  and  plant.  The 
board  will  therefore  have  put  up  to  it,  in  many  cases, 
problems  which  industry-  has  been  unable  to  solve. 
The  difficulties  will  lie  deej>er  and  be  more  fundamental 
than  they  are  equipped  for.  We  must  look  to  labora- 
tories equipped  with  the  outlook  of  those  of  Cambridge, 
Manchester  or  Schenectady  for  the  foundations  of  our 
advances.  In  other  words  it  is  tlie  laboratory  with  a 
staff  with  physical  and  chemical  knowledge  and  imagina- 
tion, that  we  must  look  to  for  the  solution  of  our  most 
difficult  problems.  ICquipment  for  physical  and  chemical 
work  is  often  more  important  than  technical  apparatus. 
I  have  spoken  as  to  the  necessity  of  freedom  of  research 
for  lalxiratories  of  the  university  type,  even  under  a 
board  of  ideal  pcrsunalitics.  As  to  the  type  of  Ixtard, 
I  do  not  think  the  sugge.stcd  scheme  by  anv  means 
satisfactory.  Ijct  us  IfKik  at  the  scheme  from  a  business 
point  of  view.  The  problems  to  be  tackled  will  be  tliosc 
that  arc  the  most  difficult  at  the  moment.  Who  arc 
those  who  can  give  most  help  in  such  work  as  research  ? 
I  feel  certain  that  the  most  help  will  come  from  those 
who  1  '     -'I   l>est  what  research  means,  who  have 

l>ecn  ilie  mill  <>l  experience  and   realize  how 

much  clloit  and  patience  go  to  what  may  appear  to 
l>e  a  VTv  ItttI'-  ri-^iilt  A  research  establisliment  should 
l)c  1'  trhcrs,  not  without  a  sprinkling 

of  tl.  The  head  must  be  jirimariiy 

of  a  ■  Mc  pervmality,  not  neccss^irily  a  scientist. 

Ho  r..  ■"   insight  into  character,  and  be  ever 

I'  I  :■.    ■■  ,  and  alwvc  all  protect  the  brains 

working  1    from   the  stranrl         ■  ''   ■  t   of  red 

tape.     T)  I'm  that  such  an  i.r  n  should 

'  I'^l   by  n  ■  I    I'arliament 

•■■  f  (or  Ih-  '  .  to  control  or 

wiiril   "  researrh  " 
'  that   [Kisilions  on 


the  board  and  on  committees  be  honorary'.  This  is  a 
perpetuation  of  one  of  the  most  vicious  arrangements 
in  vogue  in  this  country,  and  which  has  been  indirectly 
responsible  for  much  of  the  nation's  indifference  to 
science  and  its  results,  some  of  which  we  are  discussing 
to-night.  In  general  life  one  expects  to  get  about  as 
much  of  a  commoditA-  as  one  pays  for  ;  and  if  we  pay 
nothing  we  ought  not  to  expect  much.  It  is  to  the 
honour  of  the  scientist  that  he  has  often  given  his 
assistance,  the  fruits  of  his  genius,  for  nothing.  The 
Treasury  has  got  into  the  habit  of  expecting  it,  and  will 
tell  us  so,  if  we  ask  them.  The  consequence  is  that 
being  paid  nothing  for  his  job,  the  Treasury  have  got 
into  the  habit  of  considering  his  opinion  or  result  not 
worth  much,  and  there  is  little  public  opinion  to  back 
up  his  claims.  If  we  really  want  good  work,  we  must, 
in  general,  pay  a  man  for  it,  or  we  cannot  expect  a  man 
to  do  his  best,  and  his  best  is  only  what  is  worth  having. 
He  must  have  a  heart  in  his  work,  or  time,  labour,  and 
money  will  be  wasted.  As  an  example  of  our  present 
methods,  I  heard  of  a  man  the  other  day  who  has  a 
world-wide  reputation,  and  who  was  a  member  of 
some  30  committees.  Only  about  three  of  these  really 
interested  him.  How  can  the  best  results  be  obtained 
when  many  of  the  remaining  27  committees  were  con- 
cerned with  really  important  research  work  of  the  nature 
of  those  discussed  in  the  paper  ?  The  war  and  its  own 
special  researches  have  opened  the  eyes  of  many  of 
our  most  eminent  mathematicians  and  scientists  as 
to  the  way  their  abilities  may  be  useful  in  practical 
problems  of  national  defence  to  a  degree  which  they 
did  not  expect.  Thej'  may  be  assured  that  the  problems 
of  peace  are  equally  urgent  and  far  wider  than  those  of 
war.  It  is  for  the  industry'  to  solicit  their  assistance 
in  a  proper  manner,  and  to  convince  them  that,  tliough 
they  often  do  not  know  it,  their  assistance  is  essential 
to  satisfactory  progress  in  the  harnessing  of  the  forcea 
of  Nature  to  the  uses  of  mankind. 

Mr.  J.  S.  Highfield  :  I  am  sure  this  paper  has 
8er\'ed  a  useful  purpose  in  producing  this  discussion 
to-night.  I  said  at  the  beginning  that  the  co-ordination 
of  research  was  one  of  the  most  difficult  subjects  that 
we  can  deal  with,  and  I  think  the  discu.ssion  to-night 
has  assisted  matters.  We  cannot  say  more  for  a  pai>er 
than  that,  and  1  am  sure  we  are  gratified  that  this 
paper  was  the  one  that  secured  the  prize.  I  feel  the 
greatest  sympathy  with  those  sjieakers  to-night  who 
have  expressed  doubt  as  to  complete  centralization 
I  am  beginning  myself  simply  to  loathe  the  words 
"  organization  "  and  "  co-ordination."  They  sound 
so  impressive,  and  they  ri'ally  mean  nothing.  I  think 
if  the  bodies  of  people  and  the  individuals  who  have  it 
in  their  minds  to  centralize  everything  into  one  great 
whole,  conlriilled  by  one  mighty  brain  from  Ixindon, 
would  only  put  themselves  in  the  position  of  office-boy 
instcid  of  the  position  of  the  central  organizer,  they 
would  begin  to  see  where  the  difficulties  were.  I  am 
perfectly  certain  it  is  a  waste  of  energy  to  try  to 
centralize  the  whole  business  of  research— in  fact  of 
anything  else  in  th;s  country  full  of  Knplishmen-  and 
that  we  must  separate  things  out  and  let  the  JCnglishman 
work  on  his  own,  as  he  has  been  used  to  duing.  I'urther 
than  that,   I   believe,  as  Mr.  I'aterson  said,  that  over- 
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lapping  is  an  extremely  good  thing.  There  is  a  certain 
sporting  element  in  overlapping,  and  I  think  if  an 
Englishman  is  to  make  any  progress  in  research  or  any- 
thing else  he  must  feel  that  there  is  a  certain  amount 
of  sport  at  the  back  of  it  all — money  is  not  sufficient. 
There  must  be  that  sportiag  element  of  rivalry  between 
man  and  man  ;  we  get  most  of  the  progress  in  art  and 
science  and  manufacture  through  that  sporting  instinct. 
One  firm  gets  an  article,  and  the  next  starts  in  to  beat 
it ;  then  the  first  firm  tries  again.  I  do  not  want  to  lose 
the  value  of  the  sporting  instinct  and  its  driving  force. 
At  the  same  time  I  think  that  the  working  together  of 
different  firms  trading  in  the  same  sort  of  business  is  of 
very  great  advantage,  and  there  is  no  doubt  that,  with- 
out any  outside  help,  it  has  taken  place  in  a  large 
measure  ;  they  do  work  together  in  a  wav  they  did  not 
before  the  war.     I  think  much  invention  will  originate 


in  the  works  laboratories  ;  it  will  not  be  published — 
not  broadcast  at  any  rate — but  problems  will  arise 
in  the  works  laboratories  that  can  be  helped  by  the 
university  laboratories.  There  is  no  better  form  of 
instruction  and  education  for  students  than  to  put 
them  to  research  work,  even  if  it  be  simple  routine 
research  work.  I  hope  that  the  works  laboratories 
when  they  come  across  problems,  the  ascertaining  of 
constants  and  matters  of  that  sort  suitable  for  dealing 
with  in  the  university  and  technical  school  laboratories, 
will  set  the  problems  to  those  laboratories,  and  that 
the  laboratories  will  deal  ^vith  those  points.  That 
sort  of  work — the  determination  of  constants,  co- 
efficients of  expansion  and  so  on — can  be  published 
broadcast  with  every  advantage,  and  therefore  it  is  suit- 
able for  the  university  and  technical  school  laboratories 
to  deal  with. 
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By  H.  A.  Laiui-aw,  Member,  and  W.  H.  Grixstkd.  Associate  Member. 

{Paper  first  received  o  January,  and  in  final  form   i   February,  1919;  and  read  before  The  Instiivtion,  15  ^(ay,   1919.) 


Summary. 

The  authors  first  consider  the  changes  that  have 
akcady  taken  place  and  are  now  in  progress  among 
the  telephone-using  public  and  in  the  labour  and  manu- 
facturing worlds.  Tlie  bearing  of  these  changes  on 
the  possibilities  of  improvement  in  telephone  service, 
on  the  adjustment  of  tarifls,  and  on  reductions  in 
expense  is  then   discussed. 

.\  proposal  is  made  for  the  introduction  of  a  "  unit 
of  telephone  ser\-ice  "  as  tlie  basis  of  the  charge  made 
to  a  subscriber.  Hy  taking  the  duration  of  the  con- 
versation into  account,  the  charge  would  be  scientifi- 
cally proportioned  to  the  expense  incurred,  yet  without 
involving  technicalities  not  easily  understandable  by 
the    subscril>er. 

The  consideration  of  the  trend  of  events  points  to 
the  introduction  of  mechanical  appliances  to  effect 
the  switching  operations  for  all  but  those  special  cases 
of  call  for  which  expert  attention  is  essential.  The 
authors  discuss  the  engineering  aspect  of  the  appli- 
cation of  meclianical  operation  in  the  shape  of  "  full 
automatic  "  working  to  large  cities,  and  deal  with  the 
technical  problems  which  arise  both  with  the  ultimate 
arrangements  an<l  particularly  during  the  transition 
stages,  taking  London  as  a  case  presenting  the  maximum 
difficulty. 

Synopsis. 

'of    paper     to    afford     opportunity 
fo:  I  conditions  as  aflcctiiig — 

(i)  The  Public — greater  need  for  l)cst  pojisiblc  service — 
incrcaicd  intelligence     t.iriffs. 

(ii)  The  Operating  1-orcc  iiKrr.is<fl  cost  of  and  new  fields 
for  women's  labour — attention  now  beinfi;  paid  to 
monotonous  work,  reduction  of  working  hours, 
elinn  '  sjiht  duties,  etc. 

fill)  The    I  ,;    I'Lint — improvement    o(    manufac- 

turing iiitlliods. 

■    'H  o(  tlic  trend  fi(  events  in  order  to 
»>  -nditure  of  capital. 

'    '  '  ■  '  in  service,  tariffs 

»'  I   can  l>e  m.idc  to 

Ir.'  'iv. 

'  hone    urvUt. — Subscriber's    estimate 
»"  *  •  vice^ — accur.icy     speed — dis- 

C''  e       of       irrrKulaiities^thc 

lirad. 

Mie    time   element 
j.!..).-...!    unit    <.i    t'K  jii..i,>     ».  iM,  r     advantages — effect 
on  load  factor— summary. 


Expenses. — Items  of  expenses — capital  costs — interest 
and  depreciation — revenue  charges  involved  in  replacing 
plant —maintenance — rents  and  other  charges  on  buildings 
— administrative  and  operating  charges— possibilities  of 
reduction  of  cx|ienses  considered  under  each  head — summary.- 

General  discussion  of  application  of  mechanically-operated 
systems. — .\s  means  of  meeting  changed  conditions — com- 
parison of  semi-automatic  and  full  automatic  systems  from 
subscribers'  and  administrations'  points  of  view. 

Technical  problems  of  automatic  systems  in  large  cities. — 
As  illustrated  by  London — notes  on  London  telephone 
area — development  assumed — six-figure  numtiers— di\-ision 
into  regions — names  and  numbers  allotted  to  regions — dis- 
cussion of  typical  region — completion  of  traffic  originated 
within  the  region — sub-exchange  problem — completion  of 
traflic  incoming  to  the  region — cross-boundary  traffic. 

Problems  of  the  transition  period. — Change  of  numbers — 
— stages  of  conversion — methods  of  handling  junction 
traffic  during  transition  period — trunk  traffic — conversion 
of  typical  exchanges. 

Concluding  remarks. 

iNTRODUCTOnV. 

Whatever  value  this  paper  inay  have  does  not  lie 
so  much  in  the  paper  itself  as  in  giving  a  stimulus  to 
.and  an  opportunity  for  discussion  of  subjtvts  which 
are,  particularly  at  the  present  time,  of  great  interest 
to  the  members  of  the  Institution  connected  with  tele- 
phone   work. 

Tlic  changed  conditions  due  to  the  events  of  the 
last  four  years  make  it  of  interest  to  review  the  whole 
question  of  the  provision  of  telephone  service.  We 
have  attempted  .to  outline  and  briclly  discuss  the  more 
import.int  of  the  matters  which  call  for  review,  in  the 
hope  that  all  of  us  may  gain  clearer  ideas  of  the  moan- 
ing and  cflects  of  these  changes,  .ind  undertake  our 
work  during  tlic  strenuous  years  of  reconstruction  on 
sound  lines  and  in  a  way  worthy  of  the  position  of 
our  country  and  (uir  empire.  We  have  chosen  the  case 
of  large  cities  not  only  because  it  is  the  case  of  most 
importance,  but  also  l»etausc  in  them  pr.ictically  all 
the  details  of  the  j>riil>lrm  are  met  and  have  to  l>c 
dc.-ilt  with. 

The  last  20  year.s  have  seen  the  introduction  of  lamp 
signalling  and  loiitral  battery  switi  hboards.  which 
pa.vscd  through  their  cxpcriinnit.il  stages  in  .\merica 
and  were  then  introdiued  into  this  country.  Thev 
have  now  rcplace<l  the  earlier  r(]uipineiits  in  a  number 
of  our  large  cities,  'llie  service  rendered  by  them 
is  a  great  improvement  ini  that  given  on  the  old  equip- 
ments, but  it  h.-LH  rem,-iine<l  at  almost  the  same  level 
since    their    intr<Kluction.     At    the    present  moment    it 
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is  certainly  worth  wliile  to  consider  what  improve- 
ments in  service  and  economies  in  operation  may  be 
anticipated  during  the  coming  period  of,  say,  20  years 
from  now. 

Conditions  have  changed,  and  are  still  changing,  in 
a  way  which  affects  all  of  the  three  main  factors  con- 
cerned, namely,  in  the  authors'  opinion,  the  pubhc, 
the  operating  force,   and  the  engineering  plant. 

Public. — The  prosperity  of  this  country  in  the  near 
future  will  depend  entirely  upon  the  efficiency  and  energy 
of  our  commercial  undertakings.  The  telephone  is 
admittedly  one  of  the  greatest  aids  to  rapid  and  effec- 
tive prosecution  of  business  affairs,  and  there  will  be 
demanded  of  it  service  of  the  highest  possible  standard. 
The  subscribers  in  our  large  cities  will  be  impatient  of 
anything  short  of  the  best  that  modern  methods  can 
render,  and  any  shortcomings  due  to  plant  of  obsolete 
type  or  to  out-of-date  methods  will  be  looked  upon 
as  inexcusable. 

The  telephone-using  public  is  not  that  of  20  years 
ago  ;  there  is  almost  the  difference  of  a  generation, 
and  the  present-day  public  is  better  educated,  more 
intelligent,  and  familiar  with  mechanical  and  electrical 
devices  of  all  kinds.  Labour-saving  appliances,  some  of 
them  of  the  most  elaborate  nature,  are  common  in  all 
classes  of  business  and  are  used  with  success  by  employees 
of  all  ranks. 

The  question  of  tariffs,  too,  is  one  wliich  affects 
greatly  the  extent  to  which  the  telephone  service 
can  be  developed  towards  the  ideal.  The  introduction 
of  the  measured  rate  has  been  beneficial,  in  that  it 
has  placed  the  tariffs  on  a  sounder  basis  and  avoided 
the  injustice  of  making  the  small  user  pay  for  part  of 
the  large  user's  ser\-ice.  Its  disadvantages,  however, 
have  not  been  escaped  :  it  has  tended  to  prevent  the 
use  of  the  telephone  for  short  and  relatively  unimportant 
conamunications  ;  and  further,  the  introduction  of 
junction  fees  which  accompanied  it  has  brought  about 
a  reduction  in  the  operator's  load  and  has  involved 
administrations  in  a  large  amount  of  ticket  sorting  and 
clerical  work.  This  disadvantage  will  be  accentuated 
in  the  future,  for  the  changes  in  conditions,  which  are 
described  below  as  referring  to  the  operating  force, 
also  apply  to  the  labour  for  this  work. 

Operating  force. — There  has  been  recently  a  large 
rise  in  the  cost  of  labour  and  it  is  certain  that  there 
will  be  no  corresponding  fall  to  anj'thiirg  approacliing 
the  "  pre-war  "  figures.  This  applies  to  labour  of  all 
classes,  but  its  effect  will  be  particularly  felt  in  the 
case  of  the  operating  force. 

The  operating  force  is  also  Ukely  to  be  affected  by 
other  changes  which  are  taking  place.  Many  new 
fields  are  now  open  for  women's  labour.  Examples 
will  readily  occur  to  all,  but  the  authors  would  mention 
particularly  clerical  work  in  banks,  Go\ernment  and 
insurance  offices,  once  almost  entirely  reserved  for  men, 
but  open  for  the  future  to  the  class  of  woman  from 
which  the  best  operators  are  drawn. 

A  great  deal  of  attention  is  now  being  paid  to  the  effect 
of  monotonous  and  nerve-straining  work  of  all  kinds, 
and   public    statements   ha\'e   been    made  *    classifying 

•  Report  No.  379.  U.S.  House  of  Representatives ;  Extension  of  the  Tele- 
phone System  in  Columbia,  p.  9.  "The  work  of  the  operator  involves  such 
arduous  appUcation  and  nervous  strain  as  alcne  to  justify  its  ehmination." 


telephone  operating  under  this  description.  Whether 
this  is  correct  or  not,  it  is  certainly  the  case  that  the 
relief  afforded  by  some  classes  of  monotonous  labour 
is  not  to  be  found  at  the  switchboard.  The  remedies 
proposed  for  the  effects  of  monotony  are  also  scarcely 
applicable  to  the  bulk  of  telephone  operating.  It  is 
hardly  possible  to  encourage  initiative  or  to  provide  alter- 
nating forms  of  employment  in  order  to  give  interest 
and  variety.*  More  frequent  periods  of  rest,  and  an 
even  higher  standard  of  comfort  and  provision  for 
recreation  in  the  operators'  quarters  than  at  present, 
seem  to  be  the  only  practicable  means  of  affording 
greater  reUef.  The  authors  do  not  necessarily  consider 
that  an  increased  provision  for  comfort  and  recreation 
is  justified,  but  are  pointing  out  the  tendencies  towards 
such  an  increase.  Such  an  increase  would,  of  course, 
carry  with  it  increases  in  the  expenses  for  rent,  etc., 
which    are    already   liigh,    particularly    in    large    cities. 

Investigations  undertaken  by  the  Health  of  Munition 
Workers  Committee  f  have  led  to  a  great  deal  of  dis- 
cussion as  to  the  desirability  of  reducing  the  number  of 
working  hours  per  day,  and  it  has  been  shown  decisively 
that  in  many  cases  such  a  reduction  results  in  less  lost 
time  and  in  an  increased  output  even  for  the  shorter 
day.  Steps  to  shorten  the  working  day  have  already 
been  taken  in  many  factories.  In  telephone  operating, 
it  is  possible  that  there  will  be  less  time  lost  due  to  sick- 
ness, but  owing  to  the  nature  of  the  work  it  is  scarcely 
likely  that  the  number  of  connections  handled  by  an 
operator  per  busy  hour  or  per  day  could  be  mcreased 
as  a  result  of  reducing  the  number  of  hours  worked. 
Should  such  a  reduction  become  general  m  women's 
labour,  however,  it  is  probable  that  administrations, 
in  common  with  other  employers,  will  be  forced  to  reduce 
the  operators'  working  hours. 

Objections  are  being  raised  also  to  split  duties,  sliifts, 
and  night  work.  Duties  of  this  nature  are  particularly 
difficult  in  large  cities  owing  to  the  work  being  remote 
from  the   operators'   homes. 

Although  there  may  be  no  good  reason  for  applying 
to  operators'  work  some  of  the  extreme  recommendations 
which  have  been  made  by  various  Committees,  telephone 
administrations,  particularly  Government  administra- 
tions, will  be  obliged,  if  only  for  the  sake  of  setting 
an  example,  to  give  effect  to  those  which  meet  with 
general  approval. 

Summarizing  the  tendencies  of  the  age  as  they  affect 
the  operating  force,  it  may  be  said  without  fear  of  con- 
tradiction, that  labour  for  it  will  be  considerably  more 
expensive,  more  difficult  to  obtain,  and  more  exacting 
and  inflexible  as  regards  the  arrangement  of  its  duties 
and  the  provision  for  its  comfort  than  in  the  past. 
On  the  other  hand,  there  is  very  little  sign  that  the 
number  of  calls  handled  per  operator  hour  will  increase  ; 
in  fact,  the  experience  of  the  last  few  years  points  in 
the  other  direction. 

Engineering  plant. — Upon  the  engineering  plant  of 
a  telephone  system  the  continued  application  of  scientific 
discoveries  and  the  improvement  of  manufacturing 
methods  are  having,  and  will  continue  to  have,  a  marked 

•  Interim  Report  on  Adult  Education  ;  Ministry  of  Reconstruction.  Cd.  9ro7, 

't  Interim   Report  on  Industrial  Efficiency  and   Fatigue  (Cd.  8511).    Also 
Memoranda  Nos.  5,  12  and  20  of  Health  of  Munition  Workers  Committee. 
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effect.  As  an  instaiico  I'l  applied  siiriuo.  Uw  anipiiiicr 
stands  prc-omincnt.  It  is  certain  to  modify  consuk-r- 
abl',  en  of  k>iv  ■  line  plant. 

1  'lit    of    i:  ling    niftho<ls    is    likely 

to  liavi-  a  more  direct  elJect  upon  tlie  design  of  the 
exchange  plant.  During  the  last  decade  a  great  stride 
has  been  made  in  economical  and  rapid  methods  of 
manufacture.  This  has  been  accomplished  by  the  use 
of  elaborate  tools,  necessitating  that  the  articles  dealt 
with  should  be  required  in  large  quantities.  In  the 
past  this  country'  has  met  its  requirements  for  articles 
of  this  nature  largely  from  foreign  sources.  Tliere 
has  been,  however,  during  the  war  an  enormous  increase 
in  facilities  for  manufacturing  mechanical  products, 
and  we  should  be  now  in  the  jxjsition  not  only  to  be 
self-supporting  in  tliis  field,  but  also  to  manufacture 
for   export. 

Gtnerat. — It  has  been  adopted  as  a  principle  of  tele- 
phone engineering  that  an  elVicicnt  and  economical 
service  can  only  be  provided  if  all  the  needs  of  future 
development  are  carefully  studied  and  adequate  pro- 
vision made  to  meet  them.  But  it  is  also  necessary, 
particularly  at  this  period  of  change,  for  tlic  telephone 
engineer  to  consider  not  only  the  development  of  the 
telephone  sj-stem,  but  also  the  trend  of  events  in  the 
labour  and  manufacturing  worlds,  if  he  is  to  secure 
economical  expenditure  of  capital  and  avoid  invest- 
ment in  plant  which  may  become  obsolete  before  it 
has  reached  the  end  of  its  useful  life.  Bearing  in 
mind  these  changes  and  the  directions  in  which  they 
tend,  let  us  pass  on  to  consider  how  they  aflfect 

(a)  possibilities    of    improvement    in    the    quahty 

of   service, 
(6)  adjustments  of  tariflts, 
and  {c)  [lossibiUties  of  reductions  in  expense, 

and  to  discuss  what  changes  in  methods  and  practice 
can   be  made  to  meet   the  new  conditions. 


The  Qvamty  of  Telephone  Service. 

Criterion    of  a   satisfactory   service. — The   subscriber's 

estimate   of   the   telephone   service   may   be   somewhat 

indefinite,  yet  it  is  the  only  real  criterion  of  a  satisfactory 

•crvice.     It  is  based  upon  the  ease  with  which  he  obtains 

the   connections    he    desires,    upon    the    reliability    and 

freedom    from    interference    of    the    connection     when 

11    the   speed    with    which   he   can 

nons.     Thc-se  factors  are  more  or 

ud  have  been  ado])ted  by  adniiiu.stra- 

("<r  defining  the  (juality  of  the  service. 

Hut   thiTC  IS  no  doubt  tliat  the  subscribers'  definition 

M  brriadcr.     It  embraces  many  factors  which  are  not 

included  in  the  limited  hcoijc  of  the  administration's 

•er-.  1  -  ■■  ■         ...j.^  jyy^  in  including 

Ca'  SCIOUkIv     WIM(7llls     It 


I'l  not  wish  to  sug- 

:v.ilion    IS    of    little 

value.    Un  t  useful  and  has 

done  much  i       i  service.     But 

It  cannot  do  mure  than  r  i   factors  which 


are  by  no  means  all  that  the  subscribers  understand 
by    "  service." 

The  authors  prop<ise  first  to  consider  what  improve- 
ment is  possible  in  those  items  which  are  dealt  with  by 
the  observation  records.* 

Accuracy. — The  errors  by  which  calls  are  affected 
on  large  modern  central-battery  sj-stems  are  usually 
classified  under;  — 

Cut-offs  ; 

Connections  to  wTong  lines  ; 
Double  connections  ; 
Incorrect  reports  (Am.). 

These  aflfect,  even  on  the  best  operated  equipments, 
2  to  5  per  cent  of  the  local  calls,  and  np  to  g  per  cent 
of  the  junction  calls  (.\m.). 

In  addition,  there  are  operating  irregularities,  classi-' 
ficd  under : — 

Improper  repetition  ; 

.  Iinpro[x;r  phraseology  ; 

Careless  supervision  ; 

Operator  impertinent  or  discourteous   (.\m.)  ; 
Miscellaneous  irregularities. 

These  aflfect  some  7  to  10  per  cent  of  the  calls.  Of 
certain  of  these  irregularities  the  subscriber  would 
take  no  account ;  others,  however,  would  cause  liim 
great  annoyance  and  influence  very  considerably  his 
opinion  of  the  service. 

The  figures  quoted  apply  to  sj-stcnis  in  large  cities 
having  central  battery  equipments  of  modern  type, 
with  monitors'  and  supervisors'  equipment,  and  other 
aids  to  cflfc>ctive  operating  and  supervision,  operated 
in  accordance  with  the  latest  practice. 

Without  changes  in  the  type  of  equipment,  an  im- 
provement in  these  figures  might  be  obtained  by  lowering 
'  the  operator's  load.  Tliis  involves  an  increase  in  the 
I  number  of  positions  and  makes  the  operating  at  slack 
times  even  more  inefficient  than  at  present.  Other 
measures  might  be  to  subject  the  opi-rators  to  more 
strict  supervision,  to  recruit  a  better  grade  of  staff,  and 
to  train  them  more  highly.  The  future  holds  little 
prospect  of  applying  any  of  tlu-se  remedies  with  economy. 

I'ossibic  modifications  in  equipment  having  for  their 
objc-ct  the  assistance  of  the  operator  may  effect  some 
slight  impro\'ement,  in  that  they  relieve  her  of  certain 
movements  ;  for  instance,  to  give  the  calling  subscriber 
'■  number  engaged  "  and  "  ringing  "  tones,  thus  re- 
lieving the  ojx-ralor  of  the  necessity  of  advising  him 
verbally,  may  eliminate  a  certain  number  of  incorrect 
reiwirls.  Other  modifications  such  as  call  distribution, 
keyli-ss  listening  on  A  [xiMtions.  keyless  ringing  on  13 
jxsitions,  and  automatic  order-wire  distributors,  may 
assist  in  so  far  as  they  enable  the  operator  to  do  her 
work  more  systematically,  but  thi-ir  edect  on  the  accuracy 
"f  the  service  must  besliglit,  particularly  when  advantage 
<   taken  of  the  increased   load  which  these  auxiliaries 
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are  intended  to  afford.  Other  recent  introductions 
having  as  their  object  an  increased  load,  such  as  ancillary 
answering  jacks,  are,  the  authors  imagine,  positively 
harmful  to  accuracy. 

Each  of  these  errors  and  irregularities,  when  traced 
to  its  source,  arises  from  an  operator  doing  something 
which  she  ought  not  to  have  done.  Modifications  in 
equipment  will  not  remove  this  human  tendency  to 
err  ;    they  can  only  lessen  it.  [ 

Systems  in  which  the  operating  is  effected  mechani-  i 
cally,  that  is,  "  automatic  "  systems,  are  not  subject 
to  errors  of  tliis  nature.  It  is  true  that  they  intro- 
duce other  sources  of  error  which  are  discussed  later, 
but  they  are  free  from  each  and  all  of  the  errors  and 
irregularities  referred  to  above  with  the  exception 
of  an  e-xtremely  small  percentage  of  connections  to 
wrong  lines  and  double  connections. 

No  considerable  improvement  in  the  accuracy  of 
the  service,  therefore,  can  be  expected  from  equipments 
of  the  manual  tj-pe.  For  an  improvement  in  tliis  essen- 
tial, we  must  look  to  the  introduction  of  mechanical 
operation. 

Speed. — Under  this  heading,  the  following  are  the 
main  items  recorded  by  the  service  observation  clerk 
as  referring  to  the  establishment  of  the  connection. 
The  authors  have  inserted  against  the  itenis  figures 
representative  of  the  standard  service  aimed  at  on 
modern  equipments  in  this  countr}-. 

(a)  Averagetime  to  answer  calling  signal     5  sees. 

(b)  Percentage  of  calls  in  which  answer 

is   delayed   more  than   i    second 

after  plugging  in  .  .  .  .      1  -5  %  (.\m.) 

(c)  Percentage    of    calls    answered    in 

under  2  sees.        .  .  .  .  •  •      5  % 

Percentage    of    calls    answered     in 

under   3   sees.       .  .  .  .  .  .    20  % 

Percentage   of    calls    answered    in 

under  4  sees.        .  .  .  .  •  •   50  % 

Percentage    of    calls    answered    in 

under  5  sees.        .  .  .  .  •  •    75  % 

Percentage    of    calls    answered     in 

under    10   sees.      .  .  .  .  •  •    95  % 

Percentage  of  calls  with  answering 

time  greater  than  10  sees.  .  .      5  % 

(d)  Average  time  froni  commencement 

of     call    until    called  subscriber 
jmswers  :— 

Local  call           .  .  . .          •  •    25  sees. 

Junction  call     .  .  .  .          •  •    35  sees. 

Before  considering  what  improvement  is  Ukely  to 
be  possible  in  these  elements,  let  us  try  to  reahze  exactly 
how  they  affect  the  subscriber's  impression  as  to  whether 
the  service  is  satisfactory  or  not.  The  subscriber  is 
concerned  with  getting  a  reply  from  his  correspondent 
as  quickly  as  possible,  so  that  the  figures  undei  item 
(rf)  are  those  which  are  really  of  the  gixatest  impor- 
tance from  his  point  of  view.  At  the  same  time,  he 
desires  a  short  "  time  of  answer  "  to  assure  him  that 
the  administration  is  gi^•ing  him  prompt  attention. 
In  forming  his  opinion  of  the  service,  the  subscriber 
is  influenced  far  more  by  extremes  than  by  the  average 
figures.     This  is  the  reason   why   the  average  time  of 


answer,  item  (a),  is  supplemented  by  an  analysis  under 
item  (c).  It  is  instructive  to  make  a  similar  analysis 
for  the  figures  under  item  (d).  Such  an  analysis  shows 
the  following  percentages  : — 

Table  i. 

Local  Calls. 

Analysis  oj  2,010  Calls  in  Foui   Different  Cities. 

Percentage    of    calls    on    which    called 

subscriber  answers  in  under  10  sees.  3  % 

Ditto                             ditto  13  sees.  20  % 

Ditto                             ditto  20  sees.  36  % 

Ditto                            ditto  25  sees.  64  % 

Ditto                             ditto  30  sees.  77  % 

Ditto                             ditto  45  sees.  91  % 

Ditto                             ditto  60  sees.  96  % 

Ditto                             ditto  90  sees.  98  % 

Ditto                             ditto     over  90  sees.  2  % 
Average  time,  26-6  sees. 

Table  2. 

Junction   Calls. 

Analysis  of  2,480  Calls  in  Four  Diffe^rent  Cities. 

Percentage    of    calls    on    which  called 

subscriber  answers  in  under     15  sees.  4  % 

Ditto                     ditto  20  sees.  22  % 

Ditto                     ditto  25  sees.  39  % 

Ditto                     ditto  30  sees.  53  % 

Ditto                     ditto  40  sees.  74  % 

Ditto                     ditto  60  sees.  88  % 

Ditto                     ditto  90  sees.  98  % 

Ditto                     ditto  over      90  sees.  2  "J, 
Average  time,  38-8  sees. 

Part  of  the  period  considered  in  the  above  tables 
is  the  time  until  the  operator  commences  to  ring  the 
wanted  subscriber.  The  remainder  is  the  time  taken 
by  him  to  respond  to  the  ring.  Only  the  first  part  is 
entirely  under  the  control  of  the  administration.  For 
the  time  taken  bj^  the  subscriber  to  respond,  although 
it  may  be  influenced  by  the  method  of  ringing,  the 
administration  is  not  directly  responsible.  It  would 
be  of  great  interest  to  analj'se  the  first  part  in  a  similar 
wa}',  but  since  the  time  when  ringing  is  commenced 
cannot  be  obser\-ed  by  the  observation  clerk  on  out- 
going calls,  no  figures  bearing  directly  upon  this  time 
are  available.  Records  of  the  time  taken  for  the 
subscriber  to  respond  are,  however,  made  upon  incoming 
calls  and  it  is  possible,  by  applj-ing  these  to  the  analysis 
given  in  Tables  i  and  2,  to  obtain  indirectly  a  fairly 
exact  analysis  of  the  time  elapsing  tUl  the  subscriber 
is  first  rung.     This  is  gi\-en  in  Tables  3  and  4. 

The  extreme  delaj-s  are  in  many  cases  due  to  oper- 
ating errors,  such  as  ringing  wTong  numbers,  for  in 
obser\-ing  the  service  the  time  noted  is  that  taken  to 
ring  the  correct  subscriber. 

It  is  the  period  considered  in  the  last  table  which 
is  important  from  the  subscriber's  point  of  \\evr,  and 
is    directl}'    under    the    control    of   the    administration. 
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An  improvement  is  to  be  looked  for  in  two  respects, 
first  a  shortening  o(  the  average  time  taken  to  ring 
the  wanted  subscriber,  and  second,  a  greater  uniformity 
in  this  time  ;  (i>r  as  we  have  pointed  out  above,  it  is 
t'  :nc  di-l.iN-s  which  influence  the  opinion  <>1  the 

:  "scriber. 

Mi..li  measures  as  wt-rc  c<>nsidfri-<l  under  "  Accuracy  " 
might  cfiect  improvements,  l«ut  licrc  again  the  improve- 
ment can  only  Ix*  obtainwi  at  cimsidcrablc  expense 
and  by  the  sacrilicc  cif  the  advantage  of  the  increased 
load  which  alone  would  justif>'  modifications  to  aid 
the  operator. 

The  introduction  of  mechanical  apparatus  for  com- 
plctinR  junction  calls  would  eliminate  the  great  diflcrcncc 
shown  in  the  figures  ab<jve  In-twecn  liKal  and  junction 
calls.     It  wouI<i  bring  tlic  serxice  on  all  calls  up  to  the 

Table  3. 

Local  Calls. 

Percentage    of    calls    on    which    called 
subscriber  is  first  ning  in  under 
ditto 


l>itt< 
Ditto 
Ditto 
l>itto 
Ditto 
Ditto 
Ditto 


ditto 
ditto 
ditto 
ditto 
ditto 

ditto  over 

.\vcragc  time.  16-4  sees. 

Table  4. 

Junclion  Calls. 

Percentage    of    ciills    on    which    called 
subscriber  is  first  rung  in  under 
Ditto  ditto 

Ditto  ditto 

Ditto  ditto 

Ditto  ditto 

Ditto  ditto 

Ditto  ditto 

Ditto  ditto  over 

.\vcragc  time.  28-6  sees. 


10  sc-cs. 
15  sees. 
20  sees. 
25  sees. 
30  sees. 
45  sees. 
60  sees. 
<)0  sees. 


16 

4-! 
Si 
88 
9i 
97 
98 
2 


15  sees. 
20  sees. 
25  sees. 
30  sees. 
40  sees. 
60  sees. 
70  sees. 
70  sees. 


20 

44 
62 

76 
86 

95 

98 

2 


level  of  that  shown  for  local  calls,  thus  not  only  shorten- 
ing   the   average   time   but   making    the   service   more 
uniform.     A    further   improvement   would   result    from 
the  extension  of  mechanical  operation  to  the  completion 
of  both  local  and  junction  calls,  i.e.  "  full  automatic  " 
working      On  this  s>-stcm  not  only  is  the  average  lime 
until    the   called    sul>stril>cr    is   rung   shortencxl.    but    it 
iKCfimcs    almost    cx.'utly    the    same    for    all    calls    and 
cxtfTTi"    dfl.T."*     nrr    rlimin.it'H       Table    5    shows    an 
.'■  '■   on    the   .same    lines 

if  ■  e  alKJVC.      The  figures 

in  the  limt  column  are  Irom  statistics  for  a  num)x;r  of 
autom-'"     ...I.........     •"•■me    liaving    four-figure    and 

•omc  '  In  order  to  give  some  idea 

of  whrtt  mil  III  1"  •  \i"i  nil  in  an  extremely  large  system 
•uch  aa  l.ondi>n,  for  winch  mx  trains  of  impulses  would 
be  nctrMarv,  we  have  in  the  Mvonil  column  increased 


the  time  by  2  seconds,  thus  making  more  than  ample 
allowance  for  the  time  taken  to  dial  the  additional 
digits. 

Table  5. 


.411  Calls. 

Percentage  of  calls  on  which  called 
subscriber  is  first  rung  in  under  3  sees. 


From 
>UU>tics 


Ettimatrd 
lor  6'figim 
system 


Ditto 
Ditto 
Ditto 
Ditto 
Ditto 
Ditto 
Ditto 
Ditto 
Average  time 


over 


5  sees. 

8  sees. 
10  sees. 
15  sees. 
20  sees. 
25  sees. 
30  sees. 
30  sees. 


20  ?o  — 

4/     o 


8i  °c 
88% 

93% 
95  % 
97  % 
98% 
i  % 
8  sees. 


70% 
81  % 

91  % 

94% 

96% 

97-5  % 

■j.r    O' 
'3        O 

10  sees. 


DiscontuctioH. — The  speed  of  disconnection  is  an 
element  of  the  service  to  wliich  considerable  attention 
is  paid  in  service  observation.  It  is  of  particular 
interest  to  the  busy  subscriber  that  he  should  be  able 
to  make  a  further  call  or  that  his  line  should  be  made 
free  for  incoming  calls  without  delay. 

The  observation  records  deal  with  this  element  under 
the  headings  : — 

Average  time  to  answer  a  flashing  super- 

visoPi-  signal  . .  . .  . .  . .       5  sees. 

Average  time  taken  by  operator  to  dis- 
connect      . .  .  .  . .  .  .  .  .        5  sees. 

Percentage  of  calls  in  which  time  taken 
to  disconnect  is  over  8  sees.  2  "„  (.■Km.) 

On  alxiut  10  per  cent  (.\m.)  of  the  calls,  it  is  necessary 
for  the  subscriber  to  call  in  the  operator  bv  flashing 
the  supcr\-ison,-  signal  either  to  make  a  further  call 
or  to  report  some  difliculty.  .Mthough  5  seconds  may 
appear  to  be  a  reasonably  short  time  for  the  disconnection 
or  for  recalling  the  operat<ir,  it  docs  not  represent 
accurately  the  state  of  affairs  as  viewed  by  the  sub- 
scriber. In  the  first  place,  if  the  call  has  l)een  one 
incoming  from  another  exchange,  the  average  time 
taken  to  disconnect  and  free  the  line  becomes  10  seconds. 
To  establish  a  further  exchange  connection  in  this 
case,  the  sub.scnber  has  then  to  await  the  attention  of 
his  local  "  .\  "  operator.  He  is  in  these  circumstances 
specially  sensitive  to  delay.  Moreover,  he  rarely  fl.ishes 
the  supervisory  signal  at  the  correct  speed,  and  in  a 
numl>er  of  cases  gives  up  the  attempt  and  waits  for 
his  line  to  Iw  ilisconnected. 

Delay  in  disconnecting  has  also  an  indirect  effect 
upon  the  service  in  incre.ising  the  time  during  which 
the  lines  test  "  engaged,"  ancl  so  nuTejusing  the  pei- 
tentagc  of  "  number  cngagcjcl  "  re]ic>rts. 

In  spite  of  its  drawbacks,  flashing  the  supervisory 
signal  from  the  subscrilier's  switchhook  cannot  very 
well  be  abandoncxl  without  mcwlifirations  to  the  ex- 
change equipment  ;  for  should  the  subscriber  remove 
the  receiver  to  make  a  liirther  call  before  the  operator 
has  disccmnectnl.  Ins  supervisory  signal  is  extingiii<.lj'-ii 
and   fails  to  attract  the  operator's  attention. 
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In  America,  modifications  in  the  cord  circuits  ha\e 
already  been  introduced,  pro\-iding  what  is  known  as 
"  instantaneous  re-call."  The  circuit  is  so  arranged 
that,  if  before  the  connection  is  cleared  the  receiver 
be  again  remo\'ed,  the  supervisory  lamp  is  connected 
to  an  interrupter  and  continues  to  flash  until  the  oper- 
ator comes  into  circuit.  Tlris  eliminates  incorrect 
flashing  on  the  part  of  the  subscriber,  but  it  does  not 
remove  the  delay  in  attracting  the  attention  of  the 
operator. 

Other  extensive  modifications  of  manual  central 
battery  equipments  have  been  proposed  to  pro\'ide 
"  instantaneous  disconnection,"  that  is,  release  of 
the  line  and  its  reconnection  to  the  calling  equipment 
immediately  the  receiver  is  replaced.  Tliis  would  \ery 
greatly  inrpro\e  the  service  as  far  as  the  element  wliich 
we  are  considering  is  concerned.  But  it  is  difiicult  to 
see  that  it  would  effect  any  reduction  of  operating 
expense,  and  it  is  doubtful  whether  it  would  be  justi- 
fiable to  incur  the  additional  cost  in  equipment  for  a 
scheme  which  would  result  in  an  improvement  of  the 
service  in  this  one  particular  only,  leaving  untouched 
many  other  points  in  which  improvement  is  possible. 

The  elimination  of  delays  in  disconnection  and  in 
the  establishment  of  further  connections  is  an  improve- 
ment which  is  afforded  in  a  high  degree  by  mechanical 
operation.  Systems  on  this  principle  can  be  arranged 
so  that  the  release  of  each  subscriber's  line  and  its 
reconnection  to  liis  calling  equipment  follow  directly 
upon  the  replacement  of  his  receiver.  The  full  benefit 
of  this  feature  is  not,  howe\-er,  obtained  at  present 
on  some  public  automatic  systems  which  are  so  arranged 
that  the  release  of  both  lines  is  controlled  by  the  calling 
subscriber.  The  connection  is  cleared  and  the  called 
subscriber's  line  freed  only  when  the  calling  subscriber 
replaces  his  receiver.  Failure  to  release  within  a 
reasonable  time  is  provided  against  by  a  delayed  alarm 
■signal  in  the  exchange. 

The  extent  to  which  this  arrangement  detracts  from 
the  full  advantage  of  instantaneous  disconnection  is, 
however,  quite  small.  The  following  figures  show  the 
results  of  observation  on  some  937  calls  : — 

Percentage  of  calls  in  which  called  subscriber's 

line  becomes  free  without  any  delay  .  .  . .  76  % 

Ditto  in  less  than  i  sec.         .  .  .  .  . .  87  % 

Ditto  in  less  than  2  sees.        . .  .  .  . .  92  % 

Ditto  in  less  than  3  sees.        .  .  . .  .  .  94  % 

Ditto  in  less  than  5  sees.        . .  .  .  .  .  95  % 

Ditto  in  5  sees,  or  more          .  .  . .  .  .  5  % 

Out  of  the  5  per  cent  of  calls  on  which  the  delay 
•exceeded  5  seconds,  3  per  cent  were  subject  to  delays 
up  to  I  minute  or  more.  In  a  number  of  these  cases 
"the  connection  was  traced  back  and  the  cause  ascer- 
tained. In  the  large  majority  of  the  cases  so  examined 
"it  was  found  that  the  operator  at  a  distant  manual 
•exchange,  the  junctions  from  which  were  connected 
to  ordinary  subscriber's  calling  equipments,  had  failed 
to  disconnect. 

These  obser\ations  were  made  on  an  exchange  with 
-about  i.ooo  working  lines  and  having  a  relatively  small 
number  of  private  branch  exchanges  connected  to  it. 
■On  an  exchange  with  many  private  branch  exchanges 


one  might  expect  results  not  quite  so  good  owing  to 
the  private  branch  exchanges'  operators  failing  to  clear 
promptly  on  calls  originated  by  them. 

Tyaiisiiiission. — Once  connected  with  liis  correspon- 
dent, the  subscriber  desires  easy  speech  and  clear  recep- 
tion, with  freedom  from  noises,  clicks,  cross-talk,  and 
overhearing. 

The    standards    of    construction    to    which    modern 
administrations  are  worldng  are  such  that  no  striking        * 
improvements  are  likely  to  be  made.     Future  develop- 
ment is  nrore  likely  to  have  its  effect  upon  the  methods 
of  attaining  these  standards  than  in  raising  their  level. 

Large  cities  offer  special  problems  in  transmission 
owing  to  : — 

(«)  the  density  of  the  subscribers,  making  desirable 
conductors  of  as  small  diameter  as  possible  ; 

(6)  the  number  of  exchanges,  tending  to  increase 
transmission  losses  ; 

(c)  the  large  area  over  which  a  common  interest 
extends,  tending  to  create  a  large  percentage 
of  connections  through  two  or  more  exchanges 
and  involving  junction  lines  of  considerable 
length. 

Two  means  are  a\'ailable  of  compensating  for  the 
transmission  difficulties  due  to  the  use  of  small  conduc- 
tors and  the  length  of  the  junctions  One  is  the 
application  of  loading  to  the  junction  circuits ;  the 
other  is  the  emplo^^nent  of  a  higher  voltage  than  has 
been  standard  for  the  central  battery  in  all  exchanges 
in  the  past.  The  application  of  loading  in  large  cities 
is  not  easy  on  account  of  the  difficulty  in  finding  space 
for  the  coils  and  the  special  arrangements  required  at 
the  exchanges  to  limit  signalling  and  testing  currents 
to  values  which  will  not  affect  the  coils.  The  gain  in 
transmission  obtained  by  loading  comparatively  short 
lines  does  not  approach  that  obtained  on  long  trunk 
lines. 

The  increase  of  voltage,  however,  seems  to  present 
advantages  in  every  way.  It  permits  a  greater  maximum 
resistance  for  the  subscribers'  lines  and,  to  a  certain 
extent,  reduces  the  local  line  sending  allowances.  The 
resistance  of  the  feeding  bridges  in  the  cord  circuit 
is  higher,  so  that  the  sending  allowance  is  not  so  depen- 
dent upon  the  resistance  of  the  line.  The  impedance 
of  the  feeding  bridges  may  be  made  much  greater  for 
the  same  size  of  coil,  so  reducing  the  losses  due  to  the 
shunting  of  the  speech  currents.  Long  junction  lines 
may  be  worked  without  the  special  long  line  equip- 
ments necessan,-  for  signalling  purposes,  thus  removing 
a  fruitful  source  of  transmission  loss.  In  addition  to 
impro\ements  in  transnussion,  the  higher  voltage 
affords  larger  margins  on  the  operating  requirements 
of  the  relays,  and  so  reduces  maintenance  expense. 

Naturally  an  increased  amount  of  energy  per  call 
is  taken  from  the  central  battery,  but  the  cost  of  this, 
as  well  as  any  slight  increase  in  the  capital  costs  which 
can  be  ascribed  solely  to  the  increase  in  voltage,  should 
be,  the  authors  think,  more  than  compensated  for  by 
the  transmission  and  maintenance  advantages. 

It  has  already  been  necessary  to  introduce  an  in- 
creased   voltage    for    operating    junction    circuits,    and 
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the  adoption  of  a  standard  voltage  for  all  manual 
exchanges  has  been  foreshadowed.* 

The  automatic  exchanges  in  public  use  all  employ 
a  voltage  considerably  higher  than  22  volts.  It  is 
possible  that  one  voltage  could  be  standardized  for 
both  manual  and  automatic  equipments.  The  benefits 
in  the  reduction  in  the  numl»er  of  differt-iit  tj-pes  of 
relays,  lamps  and  other  apparatus,  would  be  consider- 
able both  to  the  administration  and  to  the  suppliers 
of  exchange  plant. 

There  is  tljerefore  a  possibility  of  effecting  some 
improvement  in  transmission  in  our  large  cities  by 
adopting  universally  a  voltage  higher  than  22   volts. 

Absence  0/  irregularities. — Operators'  irregularities 
are  dealt  with  under  the  heading  "  Accuracy,"  and 
under  this  heading  are  included  all  those  other  irregu- 


A  small  percentage  of  calls  is  affected  by  maintenance 
or  plant  troubles  and  congestion  on  junction  groups. 
This,  however,  does  not  amount  under  modern  condi- 
tions to  more  than  a  small  fraction  of  i  per  cent. 

A  reduction  in  tJie  number  of  these  irregularities 
is  not  altogether  in  the  hands  of  the  administration. 
The  most  important  is  the  "  number  engaged  "  trouble. 
Under  modem  tariffs  it  may  be  assumed  that  each 
subscriber  has  a  number  of  Unes  sufficient  for  his 
telephone  business.  An  improvement  is  onlv  to  be 
sought,  therefore,  in  reducing  the  length  of  time  each 
hne  is  engaged,  particularly  during  the  busy  periods. 
The  holding  time  may  be  reduced  by  reducing  the 
time  taken  to  set  up  the  connection,  by  impro\ing 
the  quickness  of  answer  on  the  part  of  the  called  sub- 
scriber,   and    by    reducing    the    time   of   disconnection. 


OriginaUd  Calls. 

Average  time  elapsing  from  removal  of  receiver  until  called  subscriber  is 

rung        

Deduct  on  manual  calls  time  before  operator  plugs  in  and  applies  engaged 

test  

Leaving 

Time  taken  by  called  subscriber  to  respond     . . 
Duration  of  conversation   . . 

Time  taken  after  replacement  of  recei\cr  until  engaged  test  is  removed  by 
operator  witlidrawing  answering  plug 

Totals  

Reduction  in  time  of  engagement  afforded  by  automatic  equipment 
.Average  ditto  with  80  per  cent  junction  working 

Incoming  Calls. 

Time  taken  by  subscriber  to  respond  

Duration  of  conversation    .  . 

Time  taken  after  replacement  of  receiver  until  engaged  test  is  removed  by 

operator  withdrawing  calling  or  junction  plug     . . 
Reduction  in  time  of  engagement  afforded  by  automatic  equipment 
Average  ditto  with  80  per  cent  junction  working 


Manual 

local  calls 

sees. 

Junction 
caUs 
«c». 

Autooiauc    . 
6-fi<ttre  system 
sets. 

16-4 

286 

10 

40 

40 

— 

All  Calls. 

.\vcrBge  assuming  equal  ongmalcd  and 


incommg  calls 


12-4  24-6  1 

—  Equal  for  all  calls 

—  Taken  as  equal 


174  296 

74  196 

17-2  seconds 


Equal  for  all  calls 
Taken  as  equal 

10 
10 
9  seconds 


—         13-1  seconds  — 


lantics  which  make  a  service  unsatisfactory   from  the 
»ul>stnbcr's  pomt  of  \'icw. 

One  of  the  cliicl  of  these  is  the  "  number  engaged  " 
trouble.  The  percentage  of  calls  on  which  the  sub- 
•cnbcr  receives  this  report  vanes  from  10  per  cent 
over  the  whole  day  on  moderately  busy  exchanges  up 
to  nearly  20  per  cent  during  the  busy  hour  on  tlic  busiest 
excliangcs.  Another  item  is  the  "  no  reply  "  report, 
which  u  given  on  about  2  jHsr  cent  of  the  calls. 

Some  2  per  cent  of  the  incominij  calls  to  a  subscriber 
arc  f  Mc»  in  wluch  he  is  "  called  in  error  "  (Am.). 

Wiong    numU-rs    given    by    subscribers,    sulwcribers    I 
re]>lAcing  the  receiver  before  the  conversiition  is  finished,    , 
or   falling  to  replace  it  at  the  end  of  the  conversation,    I 
and  umilar  lia<l  o)>cratuig  at  private  branch  cxdianges, 
«flc<.t  another  2  \tfT  cent  of  tlie  call.n. 

"Tilitt   am"  W  SC  W.  SMafa.  luUUiUsa  a<  |-o>t  OBca 
19M. 


As  we  see  under  the  heading  "  Speed,"  there  is  little 
hope  of  improvement  in  tliese  items,  without  a  change 
in  the  type  of  equipment.  Autom.itic  equipment, 
however,  promises  a  considerable  re<1uction  in  the 
time  of  engagement,  other  than  that  occupietl  in  conver- 
sation, as  the  above  comparison  shows.  Tlie  fiRures  are 
extracted  from  Tables  3  to  5. 

It  will  be  noticed  that  no  difference  lias  been  made 
in  respect  of  the  decrease  in  the  duration  of  the  conver- 
sation, amounting  in  some  cases  to  as  much  a.s  40  per 
cent,  which  h.vs  been  observed  when  an  exchange  is 
converted  from  manual  to  autoni.-itic  working.*  The 
cause  of  this  decrease  h.as,  a.s  far  as  the  authors  know, 
not  yet  been  dclcrminetl.  but  its  ellcct  on  the  time  of 
engagement  is  probably  nullified  by  the  increase  in 
the  number  of  calls. 

•  r.  R.  McBniTv     Jomntml  I.B.K.,  i»ir,  vol.  55,  P-  ••*. 
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Assuming  a  2-ininute  conversation,  this  would  repre- 
sent approximately  a  lo  per  cent  reduction  in  the  time 
of  engagement. 

A  reduction  in  the  duration  of  the  con\'ersation 
might  be  effected  by  the  introduction  of  a  tariff  taking 
account  of  the  time  element.  The  distribution  of  the 
traffic  o\-er  the  whole  of  the  day  might  be  encouraged 
bj-  reducing  the  rate  at  wliich  the  calls  are  charged 
during  the  slack  periods.  Such  a  tariff  is  dealt  with 
later  in  the  paper.  The  measured  rate  tariffs  at  present 
in  use  contain  no  feature  which  tends  to  improve  the 
"  ratio  of  day  to  busy  hour."  They  are  also  of  a  nature 
to  encourage  lengthy  conversations,  though  it  is  prob- 
able that  this  effect  is  not  noticeable  except  in  residential 
areas. 

The  discussion  under  the  heading  "  Accuracy  " 
apphes  to  the  item  "  Called  in  Error,"  in  so  far  as  this 
is  due  to  operators'  irregularities.  Careful  maintenance 
of  the  marking  of  the  multiple,  and  a  reduction  in  the 
distance  to  which  the  operator  must  reach,  are  the 
remedies  wtiich  would  effect  a  reduction.  On  modem 
«quipments  these  points  are  already  receiving  attention. 

The  irregularities  due  to  subscribers  and  pri\-ate 
branch  exchange  operators  form  a  class  for  which,  it 
may  be  claimed,  the  administration  is  not  responsible. 
But  tfiis  \iew  cannot  be  entertained.  It  is  the  dutv 
of  the  administration  to  analyse  the  reports  of  trouble 
due  to  these  causes  as  closely  as  those  due  to  others, 
and  to  modify  its  methods  and  equipment  to  reduce 
all  sources  of  dissatisfaction  to  a  minimum  as  far  as 
this  can  be  done  economically. 

The  full  automatic  system,  whatever  impro\-ements 
in  ser^•ice  it  offers  in  other  respects,  is  open  to  the 
charge  that  it  will  increase  the  number  of  calls  affected 
bv  subscribers'  irregularities,  on  account  of  errors  in 
diaUing. 

Mr.  McBerty  *  gives  the  result  of  3,151  ser\-ice  obser- 
vations from  which  it  appears  that  the  calls  affected 
by  subscribers'  errors  amounted  to  i-oz  (presumably 
per  cent).  The  following  are  the  results  of  similar 
obser\-ations  on  other  equipments  : — 


able  in  the  case  of  the  manual  exchanges.  It  can 
reasonably  be  expected  that  there  will  be  no  such 
increase  with  automatic  systems  in  which  the  operation 
is  precisely  similar  for  both  junction  and  local  calls. 

Summary. — The  authors  have  examined  in  the  fore- 
going section  the  effect  of  the  changes  through  which 
we  have  passed  and  are  still  passing  on  the  possibilities 
of  improvements  in  the  quality  of  service.  They  have 
tried  to  consider  the  matter  as  much  as  possible  from 
the  point  of  view  of  the  telephone-using  pubUc.  The 
pubhc  may  not  be  competent  to  decide  the  methods 
by  which  its  connections  are  to  be  completed,  but  the 
pubhc  has  to  pay  and  it  is  presumabh^  for  the  benefit 
of  the  public  that  the  telephone  business  is  conducted. 
Telephone  service  is  a  service  rendered  to  and  paid  for 
by  the  pubhc,  and  it  is  not  those  who  render  a  ser\dce, 
but  those  who  are  served,  whose  opinion  of  the  quality 
of  the  ser\dce  must  ultimately  be  accepted. 

We  have  seen  that,  without  a  departure  from  the 
tj'pes  of  equipment  at  present  standard,  there  are  two 
possibihties,  namely,  to  improve  the  operators  and  to 
improve  the  equipments  ;  neither  alternative  presents 
a  hopeful  prospect  of  effecting  improvements  in  the 
service,  especially  when  the  large  increase  to  be  e.xpected 
in  the  complexity  and  size  of  the  telephone  sj'Stem  is 
considered. 

.  Operators  are  already  carefully  selected,  schooled 
at  considerable  expense,  higlily  trained  and  efficiently 
supervised,  so  that  little  more  can  be  expected  from  them 
in  the  future  than  in  the  past.  Present  types  of  switch- 
board equipment  have  been  standardized  as  the  result 
of  many  years'  experience,  and  even  the  refinements 
in  design  which  can  be  applied  with  a  view  to  effecting 
improvements  in  service  are  scarcely  admissible  from 
the  economical  standpoint. 

Turning  to  the  possibihties  afforded  by  newer  methods 
of  operation,  we  find  that  sufficient  experience  has 
been  accumulated  to  show  that  mechanical  operation 
will  afford  a  service  of  improved  accuracy  and  speed, 
particularly  in  those  items  which  appeal  to  the  pubhc. 
As  the  comparison  in  Table  6  shows,  assuming  80  per 


Tj-pe  of  system 

No.  of  calls 
observed 

Subscnber  dialled 
inconecdy 

Wrong  number 
coaaected 

Total 

WrOEg  DOS. 

Automatic  with  httle  junction  working.  . 

. 

8,513 

No.             % 

84         0-99 

Sub.   called 

wTong  number 

No.                % 
26              0-31 

Oper.  connected 
wTong  number 

% 
1-30 

IManual  with  httle  junction  working 

4,596 

44         oge 

43           0-94 

I -go 

JNlanual  with  about  60  per  cent  junction  working 

5,686 

57         I 

108           1-9 

2-9 

\'ery  large  manual  system  with  85  per  cent  junction 

working 

16-531 

141         0-85 

774           4 ■ 7 

5'55 

It  appears  from  these  records  that  no  greater  number 
of  subscribers'  irregularities  is  to  be  expected  with  the 
full  automatic  sj-stem  than  with  the  manual  system, 
and  that  the  total  amount  of  wrong  number  trouble, 
when  that  due  to  the  operators  is  included,  is  hkely 
to  be  considerably  less.  The  increase  of  wTong  number 
trouble  with  the  amount  of  junction  working  is  notice- 

•  Journal  IS..E.,  1917,  vol.  55,  p.  303. 

Vol.  57. — Supplement. 


cent  junction  workuig,  the  called  subscriber's  bell  is 
rung  in  an  average  time  of  10  seconds,  as  against  26-2 
seconds  on  a  caU  with  manual  service.  98  per  cent  of 
his  connections  are  completed  to  this  stage  in  30  seconds, 
against  68  seconds  with  manual  service,  and  he  can 
free  himself  and  estabhsh  a  second  connection  with 
no  delay  whatever. 

The  use  of  mechanical  operation  has  also  a  favcgirable 

12 
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eflect  on  the  number  of  iiregulahties,  particularly  upon 
the  ■■  number  engaged  "  'trouble.  Expcncnce  shows 
that  the  wrong  numbers  called  by  subscribers  with 
the  dial  are  1-3  per  cent,  while  in  similar  exchanges 
those  called  by  tlie  subscriber  and  the  operator  amount 
to  1-9  per  cent.  On  s>-stems  in  large  cities  the  difler- 
cnce  would  be  even  mure  marked.  Cut-ofls  and  double 
connections  occur  lc*s  frequently,  particularly  where 
there  is   a  considerable   amount   of  junction  working. 

The  ft-ar  th.it  the  suliscriber  would  prove  incapable 
of  handling  the  dial  correctly  has  proved  groundless. 
.\s  the  figures  quoted  show,  the  combination  of  sub- 
scriber, plus  dial,  gives  rise  to  fewer  errors  than  the 
combmation  of  subscriber  plus  telephone,  plus  operator. 

Table  6. 

TttbU  skoanng  Percentage  of  Calls  in  which  the  Called 
Subscriber  is  First  Rung  in  less  than  a  Given  Time. 


IUbuiUuIU 

\utomatic 

S-T-imh 

ralh, 

6-licure 

Local 

JUDCtioO 

fyOtm 

0.^ 

% 

5 

Nil 

Xi'l 

20 

8 

5 

Nil 

7°      . 

10 

i6 

3 

81 

»5 

4-! 

20 

9J 

20 

81 

44 

94 

25 

88 

62 

96 

30 

92 

76 

975 

35 

95 

82 

— 

■40 

96 

86 

— 

45 

97 

89 

— 

50 

97-4 

91 

55 

978 

93 

-- 

(K) 

98 

95 

— 

05 

— 

965 

— 

70 

— 

98 

— 

Average 

cent 

16-4  SCC-S. 

286  sees. 

10  sees. 

Average  for  80  per 

junction  working 

262 

sees. 

10  sees. 

Time   to  complete 

98 

per  cent  of  connec- 

tions 

68 

sees 

io  sees. 

lapprox.) 


TiirTf  .ippean  to  be  therefore  little  hope  of  effecting 
II  ;ita  in   the  quality   of   the  service  with   the 

r  ■■■ -I '''"-5  of  twitching  equipment.     Median- 

I'  \'er,  oflers  improvements  in  almost 

c\»Ty  it'm 

Tariffs. 

:'lcr  to  I" 

r  '  'I    l)C   pr<'l' 

expeoscs  in  every  rc»|>c<t,  »o  that  the  cost  incurred  in 
gi\'tng  the  hctnuc  rrn'Icrr<l  on  each  call  is  covered  by 
the  re^•enuc  ri><n\r<)  m  rrsjvx  t  of  that  call.     Tliis  cost 

if.   ''      ;i  of    (I)   co«tn   individual    to   the   suljscriber, 

c  :  the  annual  cliargcs  on  his  line  and  instru- 


ment, and  that  part  of  the  exchange  equipment  of 
wliich  he  has  the  sole  use  ;  (ii)  costs  of  setting  up  the 
connection,  compiising  the  operatmg  charges  and  the 
corresponding  building  and  administrative  expenses ; 
(iii)  charges  on  the  common  connecting  plant,  comprising 
the  annual  charges  on  the  junction  plant  and.  in  the 
case  of  mechanical  operation,  on  the  whole  of  the 
connecting  plant  not  indi\-idual  to  the  subscribers' 
lines. 

Remarks  on  existing  tariffs. — The  old  "  flat  "  rate 
tariff  was  based  solely  on  the  first  item.  It  ignored  the 
fact  that  the  service  given  to  different  subscribers  might 
vary  considerably  in  the  cost  of  setting  up  the  connec- 
tions and  in  the  use  made  of  the  common  connecting 
plant. 

The  "  message  "  and  "  measured  rates  "  take  account 
of  this  by  charging  a  certain  amount  per  annum  to 
cover  the  first  item  and  \-ari,-ing  the  remainder  of  the 
payment  according  to  the  number  of  connections  set 
up.  The  third  item  is  covered  roughly  by  charging 
"  junction  fees  "  when  specially  expensive  routes  are 
brought  into  use.  On  trunk  calls  where  the  charges 
on  the  connecting  line  are  the  main  item  of  expense, 
the  rates  p>er  call  are  fixed  according  to  the  distance 
and  the  duration  is  limited  to  3  minutes. 

Time  element. — In  cities  with  large  junction  networks 
the  charges  on  the  common  connecting  plant  form  an 
important  part  of  tlie  expenses.  They  become  even 
more  important  on  mechanical  switching  s\-stems  in 
which  not  only  the  junctions,  but  also  the  bulk  of  the 
exchange  plant,  is  pro\-ided  on  a  basis  of  the  maximum 
number  of  connections  bkely  to  be  in  progress  simul- 
taneously. 

The  only  equitable  way  of  allocating  the  expenses 
of  this  common  plant  is  in  relation  to  the  amount  of 
it  brought  into  use  and  the  time  of  its  use  for  each 
connection.  The  desirability  of  taking  into  account 
the  element  of  time  has  long  been  recognized.*  The 
obstacle  to  its  introduction  has  been  the  lack  of  a  simple 
method  of  recording  the  duration  of  the  connccti<  11 
and  charging  for  it  at  a  rate  corresponding  to  the  amount 
of  plant  brought  into  use. 

Proposed  unit  of  telephone  service. — The  problem  is 
much  simplified  by  the  acceptance  of  the  principle  of 
a  "  unit  of  telephone  ser\-icc  "  as  a  basis  for  the  variable 
part  of  the  charge  made  tu  the  subscriber.  Snpp<ise, 
for  example,  for  a  direct  exchange  line,  a  subscnlnr  is 
charged  a  fixed  annual  sum  in  respect  of  the  plant 
individual  to  him  and  then  is  charged  a  further  amount 
for  service  at  the  rate  of  so  much  a  "  unit."  the  unit 
corrcsp>onding,  say.  to  1,000  local  colls  each  of  2  mmutes' 
duration. 

The  meter  which  records  the  units  consumed  is 
assumed  to  be  in  operation  continuously  during  the 
convrrsation.  and  the  rate  at  wliich  the  units  arc  con- 
sumed on  any  given  connection  can  be  varied  accord- 
ing to  the  amount  of  pl.ant  involved.  For  example, 
a  unit  miRht  Ik  maric  up  of  1,000  2-minute  UkaI 
calls,  or  500  4 -minute  loral  calls,  or.  say,  Koo  2- minute 
junction  calls  each  C(|uivalent  to  I-2S  local  calls,  or 
500   2-minute   long  junction   calls,   each  equivalent   to 


*  i.    E.    KmoMiir . 
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two  local  calls,  and  so  on.  In  fact,  a  subscriber  would 
be  charged  for  his  telephone  ser\-ice  almost  in  the 
same  way  as  for  his  electric  light,  which  he  consumes 
for  var\ing  times  and  at  rates  varj-ing  according  to 
the  apparatus  he  brings  into  use. 

Advantages. — This  method  of  charging  is  scientific 
and  fair,  simpler  than  the  message  or  measured  rate, 
and  \n\\  be  readily  understood  and  appreciated  by  a 
public  already  accustomed  to  similar  methods  of  charging 
for  electricity  and  gas.  In  addition,  it  lends  itself 
readily  to  correct  adjustment  of  the  junction  charges, 
which  may  be  made  any  desired  multiple  of  the  charge 
for  a  local  call,  and  it  ensures  that  junction  and,  in 
fact,  all  calls  of  long  duration  are  properly  charged. 
It  renders  unnecessary  the  special  ticketing  or  other 
method  of  recording  such  calls,  and  does  away  with 
the  expense  involved  in  the  resulting  lowering  of  the 
operator's  load  and  in  sorting  the  tickets,  an  expense 
which  must  inevitably  increase  as  the  exchange  net- 
work becomes  more  complex  and  clerical  labour  more 
exacting.  It  very  considerably  simphfies  the  problem 
of  automatically  registering  special  fee  calls  on  mechani- 
cally operated  systems. 

Effect  on  load  factor. — By  making  arrangements  such 
that  the  rate  of  recording  on  all  meters  can  easih'  be 
altered,  differential  rates  for  different  times  of  the 
day  can  easily  be  arranged.  This  permits  attention 
to  be  given  to  a  point  to  which  little  has  been  paid  in 
the  past,  namely,  the  telephone  "  load  factor  "  or  the 
"  ratio  of  the  busy  hour  to  the  day,"  and  the  shape  of 
the  load  curve.  The  plant,  whether  manual  or  auto- 
matic, has  to  be  provided  on  the  basis  of  the  busy  hour 
or  peak  traffic,  and  the  bulk  of  it  earns  little  revenue 
at  other  times.  By  reducing  the  rate  of  recording  at 
the  slack  periods  of  the  day  (and  perhaps  by  increasing 
it  during  the  bus}'  periods)  the  load  factor  might  be 
inipro\'ed  and  the  plant  brought  more  fully  into  use 
during  the  whole  day,  just  as  is  done  with  the  telephone 
trunk  and  telegraph  cable  services  by  means  of  their 
night  and  deferred  rates.  Any  improvement  in  the 
load  factor  would  have  a  considerable  effect  on  the 
cost  of  pro\dding  exchange  and  junction  equipment  for 
large  cities.  Further,  the  reduced  rates  for  the  greater 
part  of  the  day  would  lead  to  a  much  increased  use  of 
telephone  communication  and  would  undoubtedly 
appeal  strongly  to  the  small  user. 

Checking  accounts. — As  the  meter  would  still  con- 
tinue to  be  fitted  in  the  exchange  itself,  the  objection 
might  be  raised  that  a  subscriber  has  no  means  of  check- 
ing its  record,  since  this  no  longer  depends  simply  upon 
the  number  of  calls  made.  This  objection  might 
equally  well  be  raised  against  the  current  methods  of 
charging  for  electricitv-  and  gas,  for  although  the  meters 
for  these  services  are  on  the  consumer's  premises,  he 
has  no  means  of  checking  the  consumption  registered, 
nor  is  any  distinction  made  in  his  bill  between  the 
consumptions  on  different  tj'pes  of  apparatus.  The 
telephone  subscriber  might  be  afforded  the  same  pro- 
tection as  the  electricity  or  gas  consumer,  namely,  a 
certification  of  the  correctness  of  his  meter  and  metering 
circuit  by  an  independent  authority  (e.g.  the  Board  of 
Trade)  on  demand  and  payment  of  a  similar  fee. 

Summary. — The   principle   of   the   "  telephone   unit  " 


has  been  put  forward  here  for  discussion  as  a  proposed 
basis  for  future  tariffs  because  it  appears  to  eliminate 
the  inevitably  increasing  difficulties  felt  with  the 
existing  methods  of  charging,  and  to  be  capable  of  being 
applied  in  such  a  way  as  to  secure  a  greater  revenue- 
earning  efficiency  from  the  plant.  Further,  it  solves 
in  a  very  satisfactory  way  many  of  the  metering  problems 
arising  with  mechanical  operating.  Its  practical  appli- 
cation is  not  without  its  difficulties,  but  the  investiga- 
tions aheady  made,  although  retarded  by  the  war, 
have  advanced  sufficiently  to  demonstrate  its  prac- 
ticability. 

Expenses. 

General. — Under  the  present  conditions  any  exact 
analysis  of  expenses  is  of  httle  value.  Capital  costs, 
interests,  and  depreciation,  and  administrative  and 
operating  expenses,  are  undergoing  revision  from  day 
to  day,  so  that  the  figures  to  be  used  for  making  any 
such  analysis  would  not  be  likely  to  meet  with  the 
entire  agreement  of  anyone. 

What  can  be  examined  with  advantage,  however, 
is  the  general  direction  in  which  each  quantity  concerned 
is  varying,  and  the  probable  effect  of  this  variation  on 
the  expenses  of  giving  service  with  different  systems. 

Items  of  expenses. — Before  discussing  the  effect  on 
each  different  item  of  expense,  it  will  be  well  to  con- 
sider broadly  in  what  proportion  each  item  contributes 
to  the  cost  of  giving  telephone  ser\dce.  The  following 
extracts  from  the  Telegraph  and  Telephone  Journal  for 
August  1918,  vol.  4,  p.  149,  serve  to  illustrate  this  : — 

"  Exchange  System. 


Rate  per  station 
1915-16  igi6~i7 

£     s.     d.  £     s.     d. 


Expenses. 

Administrative    and    oper- 
ating       ..  ..  ..      1127  1137 

Maintenance  of  system     ..      i    12     5  i    14     4 

Stationery,  printing,  etc.  ..005  010 

Rents,     rates,    heat,    hght, 

furniture,  etc.     .  .  ..082  080 

Value  of  engineering  stores, 

suppUed  for  war  purposes     050  131 

Interest        .  .  .  .  ..0154  o   13   10 

Pension  Habihty     .  .  .  .     o     9   10  091 

Depreciation  .  .  .  .      i    14     8  i   15     3 

Ci\'il  pay  of  men   with  the 

Colours     ..  ..  ..043  067 

Adjustment  of  pension  li- 
ability— overcharges  in 
four  previous  years       .  .  —  0     2     J 

Sale  of  plant  to  Hull  Cor- 
poration . .  . .  ..001  — 


Totals 


£y     2s.  7d.     £9>     2s.  2d." 


Capital  costs. — Capital  cost  of  plant  is  affected  by 
improvements  in  design  and  manufacturing  methods, 
as  well  as  by  the  costs  of  material  and  labour.  In  the 
existing  tj'pes  of  manual  exchange  plant,  a  high  degree 
of  standardization  in  design  and  methods  of  manufac- 
ture has  been  arrived  at,  and  the  items  are  handled  in 
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comparatively  large  quantities.  Evcr>'thing  has  been 
therefore,  for  some  years  past,  favourable  to  reducing 
the  cost  of  production  of  this  t>7>e  of  plant,  and  little 
further  reduction  can  be  expected  in  the  future.  I'p 
to  the  present,  automatic  plant  has  not  reached  this 
stage  of  standardization,  and  the  possibilities  of  improve- 
ments in  its  design  and  manufacture  will  not  be  exhausted 
{or  a  considerable  number  of  years  ;  nor  have  the 
quantities  demanded  lx?cn  sufficient  to  enable  the 
manufacture  to  be  conducted  on  modem  and  economical 
Imes.  With  this  t>-pe  of  plant  considerable  reduction 
in  cost  can  therefore  be  expected  during  the  period  we 
have  under  re\-iew,  particularly  if  conditions  permit  of 
manufacture  in  large  quantities.  The  amount  of  raw 
material  in  a  large  automatic  equipment  is  not  veri,' 
different  from  that  in  a  corresponding  manual  equip- 
ment. The  difference  in  cost  is  cliiefly  in  the  form  of 
labour,  and  so  tends  to  be  eliminated  by  improved 
methtxls  of  quantity  production. 

Interest  and  depreciation. — The  larger  capital  cost  of 
automatic  equipment  subjects  this  tj-pe  to  a  higher 
charge  for  interest  than  manual  plant.  On  account 
of  this,  the  increase  in  the  rate  of  interest  during  the 
war   reacts   unfavourably   against   the   automatic. 

.Mihough  there  is  as  yet  no  experience  of  either  the 
physical  or  economic  life  of  an  automatic  equipment, 
tlie  nature  of  the  apparatus  and  tlie  facility  with  which 
worn  parts  can  be  replaced  without  wholesale  recon- 
struction, and,  if  necessary',  the  whole  equipment  re- 
arranged to  meet  changes  in  the  distribution  of  the 
subscribers,  permit  the  legitimate  estimate  of  a  longer 
economic  Ufe  than  for  the  manual  equipment.  Experi- 
ence with  automatic  e^juipments  has  tended  so  far 
to  confirm  this  \-iew. 

Further,  it  is  at  least  probable  that  the  arguments 
for  improvements  in  service  and  reduced  expenses  now 
being  put  forward  will  result,  witliin  the  next  15  to  20 
years,  in  a  departure  from  the  man\ial  tv-pe  of  plant 
at  present  standard.  If  this  takes  place,  equipments 
of  this  t>-pc  will  be  replaced  before  the  period  now  as- 
sumed for  their  economic  life  has  elapsed.  The  rate 
at  which  depreciation  is  calculated  for  these  equip- 
ments should  W  revised  to  mc-et  this  contingency. 
involved  in  replacing  plant. — In 
Ls  for  any  extensive  changes  in  the 
plant.  It  is  neccssar>'  to  consider  specially  costs  charge- 
able to  revenue  over  and  above  those  which  can  fairly 
be  considered  as  being  met  by  the  normal  allowances 
for  depreciation.  An  estimate  is  made  of  the  depreciated 
value  of  the  plant  in  place,  and  the  difference  between 
tliis  and  the  recovery  value  is  the  special  revenue  charge 
inriirr«l  in  making  the  change. 

.  the  war  and  the  (hanged  conditions  resulting 
I,  .;  revenue  chargi-s  involve<l  in  making  changes 

in  plant  now  and  in  the  immediate  future  are  lower 
iliiii  thc>'  arc  ever  likely  to  Ik;  again.  Due  to  the 
.■m  of  construction  work  during  the  war,  the 
.i>.  i..|<c  age  of  the  whole  of  the  plant  is  4  years  greater 
than  it  would  othcrwi»e  have  been.  In  a  going  concern 
^^•  'lion    work    and    replacements    arc 

j  V.    Ill*    average    age    of    the    ]il;int 

tciulb  to  I  ''-int  at.  say,  8  years. 

This  wc  I.'        '  -'-  ^c  ^i  *J>c  intcnial 


plant  in  July  1914,  and,  but  for  the  war,  would  also 
be  its  av'crage  age  now.  Owing  to  the  4  years'  stalemate, 
however,  the  average  age  is  now,  say,  12  years.  With 
the  progress  of  reconstruction  work,  the  age  will  fall 
again  to  about  its  normal  figure.  For  instance,  in 
London  there  is  now  no  public  exchange  less  than  4  to 
5  years  old,  and  a  number  of  the  largest  have  practically 
reached  the  end  of  their  economic  life. 

The  value  of  the  plant  in  place,  therefore,  stands 
at  a  lower  figure  than  it  is  ever  likely  to  reach  again. 

Looking  at  the  matter  from  another  point  of  \-iew, 
it  will  be  seen  that  the  depreciation  account,  reserve 
fund  or  other  equivalent,  is  in  a  better  state  to  meet 
replacement  charges  now  than  it  is  ever  likely  to  be 
again,  since  4  to  5  years'  contributions  have  been 
made  to  it,  but  during  this  time  practically  no  extensive 
alterations  or  replacements  whatever  have  been  made 
in  the  plant.* 

The  rise  which  has  taken  place  in  the  value  of  materials 
and  labour  makes  the  recovery  value  of  plant  very  much 
larger  in  proportion  to  its  original  cost  than  it  Wcis 
before  tlie  war.  This  again  is  a  fa\-ourable  situation 
which  is  not  likely  to  recur.  It  applies  particularly 
to  replacements  in  which  use  can  be  made  of  much  of 
the  reco\-cred  material  for  new  purposes. 

Maintenance. — The  tendency  towards  increased  costs 
of  labour  is  certain  to  have  its  effect  upon  maintenance 
charges.  We  ha\-e  learnt,  however,  during  the  war 
that  women's  labour  can  be  used  for  routine  testing 
and  cleaning  to  a  much  greater  extent  than  was  pre- 
viously the  practice.  Such  routine  duties  form  a  very 
large  proportion  of  maintenance  work,  particularly 
in  automatic  exchanges,  where  routine  testing  can  be 
carried  on  during  working  hours. 

It  is  likely  that  the  rising  costs  of  labour  may  affect 
automatic  systems  ad\'ersely  in  comparison  with 
manual.  As  Mr.  McBerty  has  cmphasiztxi.'f  however, 
experience  with  modem  equipments  has  demonstrated 
that  the  maintenance  force  need  hardly  be  more  numerous 
or  more  skilful  than  that  required  for  manual  equip- 
ments of  equal  size.  This  ^^ew  is  confirmed  by  ex- 
perience in  the  exchanges  converted  to  automatic  in 
this  country,  which  we  believe  are  in  every  case  being 
maintained  by  the  same  staff  as  were  emploved  in  the 
m:uiual  equipments.  The  maintenance  labour  requircxi 
in  mcxiern  automatic  equipments  rarely  exceeds  7  man- 
hours  per  line  per  year.  Already  experience  shows  that 
even  with  existing  ecpiipmcnts  a  lower  standard  might 
be  applied  witli  no  disadvantages  resulting.  The  nature 
of  automatic  equipment  is  such  that  defects  causing 
any  considerable  amount  of  maintenance  attention 
can  be  eflectively  and  permanently  removed  by  im- 
provements in  design  at  practically  no  increase  in 
cost,  once  experience  in  and  a  full  appreciation  of  the 
conditions  causing  the  defect  are  available.  With 
future  c-<4uipments,  therefore,  it  is  not  too  much  to 
expect  that  the  mauitenimce  costs  may  be  reduced 
even   l>elow   these  of  manual   exchanges. 

Rents  and  other  charges  on   building. — No    one    will 

*  With  rrffard  to  the  larvr  mn<\  tnctrnntm  l)a).inrp  tlanilintt  lo  (he  cmdit  of 
th*'  l^CI^TTvi.ltl.^n  .irr-'int,  *rr  ihr  T*Ui:raf'h  anti  J  elf f^ttotu  Journal,  AuitUhl  iglS, 
vol.  4,  p.  :  • .  ol  coDtnt>u(ions  inaile  aoil  rcDcwaU  uict  iroiu 
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deny  that  the  tendency  of  rents  and  other  charges  on 
existing  buildings  in  our  large  cities  is  decidedly  up- 
wards. The  cost  of  materials  and  labour  for  new 
buildings  has  largely  increased  during  the  war,  and 
owing  to  the  huge  demand  it  is  likely  to  remain  high 
for  several  years  to  come. 

This  item  of  expense  has  therefore  suffered  a  very 
considerable  increase,  and  no  reduction  to  anj'thing 
like  its  pre\-ious  value  seems  possible  as  long  as  present 
standards  of  exchange  construction  are  adhered  to. 
Buildings  for  manual  exchanges  are  necessarily  of  a 
somewhat  costly  type,  however  severe  the  stj'le  in  wliich 
they  are  designed.  This  is  due  to  the  facts  that  large 
spaces,  free  from  columns  and  other  obstructions  and 
of  a  certain  minimum  width,  are  necessary  for  the  switch- 
rooms,  and  on  account  of  the  numerous  emploj-ees, 
liberal  provision  has  to  be  made  for  la\atory  and  cloak- 
rocm  accommodation  and  for  fire  exits.  \\'ith  the 
rising  demand  for  liigher  standards  of  comfort,  it  is 
probable  that  pro\-ision  for  the  staff  will  be  e\en  more 
expensive  in  future  than  at  present. 

With  a  departure  from  the  manual  type  of  exchange 
equipment  rehef  from  these  conditions  is  at  once  ob- 
tained. The  architect  is  no  longer  restricted  to  a 
certain  minimum  roof  span,  or  to  rooms  of  a  rectangular 
shape,  and  generally  he  can  design  the  building  in 
the  most  economical  way  without  special  regard  to 
its  particular  purpose.  During  the  period  of  transition, 
a  small  amount  of  manual  equipment  will  probably 
require  accommodation,  but  after  its  recover)^  the  floor 
space  made  available  could  readily  be  let  as  offices. 
Extravagant  claims  made  in  the  past  have  led  to  the 
idea  that  an  automatic  equipment  can  be  installed  in 
any  building.  Possibly  it  can,  but  the  authors  would 
be  far  from  recommending  such  a  practice.  The  space 
available  should  at  least  be  such  that  the  equipment 
can  be  arranged  in  the  most  suitable  way  for  economical 
maintenance,  and  preferably  should  be  all  on  one  floor. 
Good  lighting  is  essential,  but  it  need  not  necessarily 
be  natural  lighting.  Ventilation  without  risk  of  dust 
or  damp  is  necessary.  What  can  be  claimed  for  the 
automatic  with  perfect  fairness  is  that  it  needs  a  very 
much  smaller  personnel,  less  floor  space,  and  that  it  is 
much  more  flexible  in  the  arrangement  of  the  equip- 
ment and  in  pro^•ision  for  extensions  without  inter- 
ference with  existing  equipment.  It  is  therefore  far 
less  exacting  with  respect  to  its  housing  than  equipment 
of  the  manual  type. 

Administrative  and  operating  charges. — During  the  last 
lo  years  operating  charges  have  risen  by  more  than  150 
per  cent.  The  average  cost  of  operating  a  position 
in  a  London  exchange,  which  was  about  £S^  per  year 
in  1908  (including  reliefs,  super\dsion  and  administra- 
tive charges),  is  now,  the  authors  estinrate,  about 
;£2  20  per  year.  This  is  a  truly  enormous  increase  on 
a  ver\'  important  item  of  expense.  At  present,  of  course, 
war  allowances  paid  to  operators,  amoimting  to  i8s. 
per  week,  help  to  mflate  the  figure.  As  to  the  prospects 
of  a  reduction,  opinions  differ  considerably.  If  we 
assume  that  only  half  the  war  allowances  can  properly 
be  considered  as  permanent,  the  1^220  becomes  about 
£iyo  representing  an  increase  of  100  per  cent  on  the 
figures  for   IQ08.     As  has  been  mentioned  in  the  first 


part  of  the  paper,  all  the  tendencies  are  against  a  decrease. 
The  new  fields  open  to  women's  labour,  the  attentioa 
now  being  paid  to  monotonous  and  nerve-straining 
classes  of  work,  the  tendency  to  reduce  the  number 
of  working  hours,  and  the  increasing  difficulties  of 
spUt  duties  and  night  work,  are  all  hkely  to  result 
in  operating  expenses  higher  even  than  the  present 
figures.  Further,  the  qualifications  demanded  of  an 
operator  and  the  knowledge  and  skill  which  she  must 
acquire  through  a  course  of  training  already  expensive, 
are  not  hkely  to  be  diminished  with  the  increasing 
complexity  of  large  telephone  systems.  At  the  same 
time,  with  the  ever-increasing  volume  of  traffic,  her 
individuahty  must  become  more  and  more  suppressed 
and  the  nature  of  the  work  less  and  less  interesting  and 
attractive  to  intelligent  girls. 

In  what  direction  can  relief  from  this  situation  be 
sought  ?  Obviously,  only  by  reducing  the  amount 
of  operating  labour  per  call.  The  feature  of  operating 
in  all  large  cities  is  the  high  percentage  of  calls  which 
require  the  services  of  more  than  one  operator.  About 
80  per  cent  of  all  the  calls  originated  in  London  are, 
so  to  speak,  operated  twice  over  in  this  way.  An 
attractive  scheme  is  to  eliminate  the  second  or  "  B  " 
operator,  substituting  mechanical  switching  for  this 
part  of  the  work.  The  "  B  "  operators  form  about 
24  per  cent  of  the  total  operating  stafi,  so  that  without 
making  some  other  reductions  in  operating  labour 
the  rehef  effected  is  insufficient.  I\Iost  semi-automatic 
systems,  however,  in  addition  to  eliminating  "  B  " 
operating,  also  reduce  the  time  and  effort  consumed 
in  "  A  "  operating,  partly  by  providing  uniform  operating 
on  both  local  and  junction  calls,  and  partly  by  diminish- 
ing the  physical  exertion  required.  Instead  of  an  aver- 
age busy-hour  load  (in  large  cities)  of  about  100  to  no- 
calls  per  "  A  "  operator,  a  load  of  some  300  calls  can 
be  handled,  so  that  only  one-third  the  number  of  "  A  '" 
operators  is  required,  with  a  correspondingly  reduced' 
number  of  supervising  staff.  The  result  would  be  a 
reduction  of  the  total  operating  staff  in  large  exchanges 
to  about  34  per  cent  of  its  present  numbers. 

Full  automatic  working  offers  the  possibihty  of  effect- 
ing yet  a  further  reduction  in  staff  and  operating  expenses. 
With  a  system  in  which  calls  between  all  subscribers- 
witliin  the  telephone  area  are  completed  automatically, 
the  only  operators  needed  would  be  those  required  for 
clerical,  inquiry,  and  record  duties,  amounting  to  about 
12  per  cent  of  the  present  numbers.  By  concentration 
of  these  duties  and  the  elimination  of  ticket  recording, 
this  number  might  be  further  reduced  to  6  or  7  per 
cent  of  the  present  operating  staff.  In  all  these  com- 
parisons the  operators  employed  in  the  trunk  exchange 
are  omitted. 

Any  figures  of  tliis  kind  raise  at  once  the  question 
of  finding  emploj-ment  for  the  displaced  staff.  The 
authors  estimate  the  present  operating  staff  in  London 
at  close  on  4,000,  of  which  only  about  500  would  find 
emplojTnent  in  a  full  automatic  system.  When  it 
is  remembered,  however,  that  the  conversion  of  the 
system  must  extend  over  at  least  7  or  8  years,  during 
which  a  large  manual  operating  staff  would  be  required, 
and  further  that  the  average  length  of  service  of  an 
operator    is    only    4     5-ears,    the    difficulty    disappears. 
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Those  operators  who  have  taken  up  telephone  work 
seriously  as  a  career  would  ultimately  find  ample 
rniplo\-ment  in  the  higher  forms  of  operating  in  tnnik 
1-M.liangcs.  on  inquin,-  and  complaint  work,  and  in  private 
branch  exchanges.  The  latter  field  alone  will  continue 
to  afford  congenial  employment  for  large  numbers  of 
operators.  The  work  is  \"aried  and  interesting,  and 
whatever  developments  may  take  place  in  mechanical 
op>eration  for  main  public  exclianges  and  for  inter- 
departmental connections  on  private  exchanges,  it 
is  extremely  unlikely  tliat  the  operator  will  ever  be 
dispensed  with  for  liandling  excliange  traffic  on  private 
branch  exclianges.  The  private  branch  exchange 
operator  should  be  towards  the  public  exchange  service 
just  what  a  well-trained  commissionaire  is  to  the  office. 
Just  .as  the  latter  answers  inquiries,  arranges  for  inter- 
views, and  directs  callers  to  the  various  rooms  and 
officials,  so  also  the  private  branch  exchange  operator 
answers  the  calls,  obtains  the  necessary'  information, 
and  connects  the  calling  party  to  the  correct  depart- 
ment. Calls  to  a  private  branch  exchange  are  often 
made  for  officials  by  name  rather  than  by  the  extension 
number,  and  in  many  cases  even  the  name  of  the  official 
or  department  required  is  unknown  to  the  caller  who 
can  only  state  the  nature  of  the  business  which  he 
wishes  to  discuss.  The  completion  of  such  calls  demands 
an  inteUigent  opverator  thoroughly  con\ersant  with  the 
organization    of    the    cstablislmient. 

In  addition  to  her  duty  of  completing  incoming 
connections,  the  operator  should  be  the  information 
bureau  of  the  private  branch  exchange  system,  and 
all  inquiries  for  telephone  numbers  or  other  directory 
information  should  be  made  to  her.  Highly  paid  officials 
then  avoid  wasting  time  in  hunting  for  telephone 
numbers  and  in  waiting  for  the  connections  to  be  com- 
pleted. Further,  only  one  telephone  directory  is  re- 
quired and  the  use  of  old  issues  is  eUminated.  If 
public  excliange  numbers  are  called  up  direct  from  the 
extension  instruments,  a  <lirector^•  for  the  whole  ex- 
chanf'e  area  must  be  provided  at  every  instrument. 
If  incoming  calls  are  to  he  c<'mpleted  without  the 
operator  at  the  private  branch  exchange,  callers  must 
be  aware  of  the  extension  number  required.  Any 
proposal  to  give  this  information  in  the  director^'  is 
almost  unthinkable  in  view  of  the  difficult^'  in  keeping 
it  up  to  date.  The  completion  of  trunk  calls  to  ex- 
ten.iirins  practically  demands  the  services  of  an  operator 
at  the  pnvatc  branch  exchange.  The  objection  of 
operating  expense  is  to  a  large  extent  negatived  by  the 
saving  effected  in  the  time  of  the  officials  and  staff. 
li\'en  now  it  is  the  practice  of  all  users  whose  time  is 
valuable  to  tell  off  a  junior  to  see  the  connection  through 
and  acquaint  his  superior  only  when  the  wanted  party 
i%  waiting.  Surely  it  is  and  will  always  remain  more 
efficient  and  economical  to  concentrate  such  work  and 
employ  an  expert  tr>  carry  it  out,  in  other  wr)r(ls,  to 
employ  a  priv.ilr  br.inch  exchange  operator  for  exchange 
traffic.  Hut,  on  the  other  hand,  to  load  up  this  operator 
with  the  work  of  makinc  internal  connections  between 
extension*  in  to  waste  her  time  and  to  affect  adversely 
the  exchange  icrwe.  Such  connections  are  far  better 
dealt   with   on    an   automatic   svstem  ;     the   difficulties 


of  directories,   trunk  calls,  etc,  referred  to  above,  do 
not  apply  to  them. 

Summary. — The  war  and  changes  in  social  conditions 
of  recent  years  have  brought  about  increases  in  exjjenses 
on  every  side.  The  authors  have  tried  to  consider 
what  alterations  in  the  methods  and  plant  of  the  tele- 
phone service  of  large  cities  might  be  made  to  enable 
us  to  face  these  changed  conditions.  They  find  that 
nearly  every  indication  is  in  favour  of  the  extensive 
application  of  mechanical  operation.  Although  the 
prices  of  automatic  equipment  have  been  subject  to 
the  same  rise  as  all  other  manufactured  products, 
there  are  possibilities  of  considerable  reductions,  due 
to  improved  design  and  manufacturing  methods,  when 
the  quantities  to  be  handled  become  more  reasonable 
from  the  manufacturer's  point  of  view  than  they  have 
been  in  the  past. 

Referring  to  the  Table  on  page  167,  the  introduction 
of  a  full  automatic  system  would  very  considerably 
reduce  the  administrative  and  operating  charges 
which  form  about  23  per  cent  of  the  expenses 
per  station  and  show  tendencies  to  increase  out  of 
all  bounds  in  the  future.  Sufficient  experience  is  now 
available  to  show  that  it  would  effect  very  little,  if 
any,  increase  in  the  maintenance  costs,  which  form 
another  23  per  cent,  A  reduction  of  rents  and  other 
building  charges  would  result.  The  item  "  interest," 
amounting  to  1 1  per  cent,  would  show  a  shght  increase, 
but  it  must  be  remembered  that  the  figures  on  page  167 
refer  to  the  whole  system,  and  a  large  proportion  of 
the  interest  refers  to  the  line  plant.  Depreciation 
(24  per  cent)  would  tend  to  be  increased,  assuming 
the  same  hfe  for  automatic  equipments  as  for  manual, 
but  there  are  reasonable  grounds  for  taking  a  some- 
what longer  hfe  than  has  been  the  practice  for  manual 
exchanges,  while  with  manual  equipment  a  shorter 
economic  life  should  be  used  in  future  on  account  of 
the  pKjssibility  of  the  force  of  circumstances  compelling 
their  replacement. 

The  authors  think  that  the  position  is  fairly  stated 
when  they  say  that  to  proceed  in  the  future  with 
automatic  equipment  will  result  in  expenses  lower 
than  with  manual  equipment  and  will  afford  relief 
from  the  upward  tendencies  of  the  several  impor- 
tant items  of  expenses.  Certainly,  if  the  change  is 
to  be  made,  there  is  likely  to  be  no  more  favourable 
opportunity  than  the  present.  They  realize  that  a 
claim  of  this  nature  should  be  based  on  careful 
comparisons  of  the  costs  of  both  systems,  but, 
as  explained  at  the  commencement  of  this  section, 
under  the  present  conditions  detailed  comparisons 
would  be  more  likely  to  provide  mere  "  bones  of 
contention  "  than  to  prove  any  useful  contributions 
to  the  discussion.  A  useful  sidelight  may  be 
thrown  u]vin  the  question,  however,  by  the  following 
short  calculation.  Taking  the  average  nutnl)er  of 
lines  on  a  position  in  a  city  exchange  as  70,  the  annual 
cost  of  the  "  A  "  operator  |ier  line  at  present  is 
;i2  20-T-7o  =  /_'3-l.  Thus,  to  eliminate  the  "  A  "  operator 
alone,  and  retaining  the  "  U "  o|>erators  just  as  at 
present,  would  warrant  the  expenditure  of,  say,  £io 
per  line  in  mcchanic.il  devices. 
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General  Consideration  of  the  Application  of 
Mechanical  Operation  to  Telephone  Systems 
IN  Large  Cities. 

The  above  consideration  of  the  possibilities  of  im- 
proving the  service  points  to  the  introduction  of 
mechanical  operation  as  the  only  means  of  effecting 
any  marked  improvements  ;  and  the  examination  of 
methods  by  which  the  upward  tendency  of  expenses 
may  be  resisted,  indicates  the  same  measure  as  the 
best  remedy. 

The  question  now  arises  :  To  what  extent  shall 
mechanical  operation  be  applied  ?  Shall  we  retain 
the  "  A  "  operator,  acting  under  the  telephoned  direc- 
tions of  the  subscriber  as  an  intermediary  between 
him  and  the  system  of  mechanism  which  is  to  connect 
him  with  liis  correspondent,  or  shall  we  provide  each 
subscriber  with  a  dial  and  give  him  direct  access  to 
the  system  ?  In  other  words,  is  the  "  semi-automatic  " 
or  the  "  full  automatic  "  system  to  be  preferred  for 
telephone  service  in  large  cities  ? 

Opinions  on  the  question  have  differed  considerably. 
On  the  one  side  there  are  those  who  consider  that 
the  modern  development  of  the  telephone  system  is 
such  that  full  ad\-antage  can  and  should  be  taken 
of  the  quicker  service  and  reduced  expenses  afforded 
by  the  "  full  automatic."  On  the  other,  there  are 
many  who  fear  that  any  proposals  to  dispense  with 
the  personal  attention  of  the  operator  will  ha\'e  an 
adverse  effect  on  the  ser\'ice. 

The  experience  and  the  well-founded  records  of 
the  performance  of  the  full  automatic  systems  which 
have  now  been  working  in  this  country  for  some  years, 
show  that  control  by  the  operator  is  unnecessary, 
except  in  such  special  classes  of  calls  as  those  for  trunk 
connections  and  those  fiom  coin  boxes.  Even  the 
latter  could  be  handled  automatically  if  suitable 
methods   of   charging  for   the  calls   were  adopted. 

The  work  of  the  operator  is  very  considerably  facih- 
tated  by  the  semi-automatic  apparatus,  but  its  monotony 
is  even  greater  than  with  the  manual  system.  In  fact, 
it  becomes  as  nearly  mechanical  in  natuie  as  it  is 
possible  to  make  it. 

The  additional  capital  cost  of  the  subscribers'  dials 
with  the  automatic  system  is  almost  balanced  by  that 
of  the  operators'  equipment  and  impulse-sending 
devices  with  the  semi-automatic  system,  while  the 
latter  must  be  debited  with  the  greater  floor  space 
for  plant  and  operators'  accommodation,  and  with 
the  greater  administrative  and  operating  charges. 

The  speed  of  the  service  afforded  by  the  full  auto- 
matic system  is  undoubtedly  greater  than  that  on 
the  semi-automatic.  In  cases  where  a  direct  com- 
parison has  been  made  to  ascertain  the  subscriber's 
attitude  to  the  question,  the  result  has  shown  a  decided 
preference  for  the  "  full  automatic."  "^  The  subscriber 
is  e-v-idently  quite  willing  to  undertake  the  dialling 
rather  than  await  the  attention  of  an  operator,  even 
■with  the  speed  with  which  the  semi-automatic  apparatus 
endows  her. 

Experience  shows,  therefore,  that  we  may  expect 
with  confidence  that  the  advantages  of  the  full  auto- 

•  Relazione  della  Commissione  di  Sorveglianza ;    Rome,   1915,  p.  9. 


matic  system  can  be  realized  in  practice,  and  that 
the  adverse  effect  upon  the  service  feared  by  the 
advocates  of  the  semi-automatic  wiU  not  be  felt. 

It  remains  to  be  examined  whether  there  are  any 
insuperable  difficulties  in  the  apphcation  of  full  auto- 
matic to  large  cities. 

There  is  in  the  semi-automatic  system  a  feature 
which  appears  attractive  for  the  transition  period, 
namely,  that  the  existing  exchange  names  and  numbers 
may  be  retained,  the  operator,  with  the  aid  of  her 
controlUng  machinery,  converting  these  names  and 
numbers  into  the  impulse  trains  required  for  the 
switching  mechanism.  Special  keys  are  provided,  one 
for  each  exchange,  the  depression  of  which  causes 
the  impulses  directing  the  connection  to  that  exchange 
to  be  sent.  With  an  extensive  area,  the  number  of 
these  keys  becomes  excessive.  For  London,  even  at 
present,  over  100  keys  would  be  required  on  each 
position  and,  at  the  ultimate,  possibly  200  to  300, 
assuming  only  four  digit  numbers  were  used.  It 
would  be  necessary  for  the  operator  to  know  the  codes 
for  all  exchanges  and  to  select  correctly  the  key  corre- 
sponding to  the  exchange  required.  The  present  diffi- 
culties in  accommodating  and  operating  order-wire 
keys  are  sufficient  to  condemn  any  proposal  of  this 
nature.  Of  course,  this  difficulty  could  be  avoided 
by  adopting  the  automatic  numbering  scheme  for  the 
semi-automatic  system,  but  this  eliminates  the  very 
feature  the  attractiveness  of  which  led  us  to  discuss 
the  question.  Even  if  adopted  for  the  early  stages 
of  the  conversion  with  a  view  to  avoiding  number 
changes,  the  changes  would  have  to  be  faced  on  the 
later  conversion  to  full  automatic,  and  they  would 
then  be  a  much  more  serious  matter  on  account  of 
the  largely  increased  number  of  subscribers. 

Technical  Problems  of  Automatic  Systems  in 
Large  Cities. 

It  cannot  be  denied  that  the  apphcation  of  mechanical 
operation  to  large  cities  in  which  a  complex  system  of 
manual  exchanges  already  exists,  presents  very  con- 
siderable engineering  difficulties.  The  case  of  London 
is  that  which  always  springs  to  mind  as  the  one  in 
which  these  difficulties  are  more  serious  than  in  any 
other  city  in  the  world.  The  London  telephone  area 
extends  over  640  square  miles,  and  the  density  of  its 
development  ranges  from  one  or  two  stations  per 
square  mile  on  some  parts  of  its  periphery  to  about 
5,000  per  square  mile  in  the  centre.  It  is  served  at 
present  by  over  70  exchanges,  with  equipment  varying 
from  No.  i  central  battery  switchboards  with  the  most 
recent  improvements,  to  magneto  boards  of  an  almost 
obsolete  t^'pe.  In  spite  of  its  extent  it  is  one  organic 
whole.  The  intercourse  between  each  part  of  it  and 
the  remainder  is  such  that  any  attempt  to  di\-ide  it 
into  two  or  more  distinct  areas  fails  on  account  of 
the  impossibihty  of  choosing  a  boundary  across  which 
the  amount  of  intercommunication  could  be  satis- 
factorily handled  by  the  methods  usually  employed 
between  separate  areas. 

On  account  of  these  facts,  London  may  be  expected 
to   present   every   ^YV^   of   difficulty   likely   to   be   met 
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in  the  application  of  mechanical  operation,  and  it 
is  for  this  reason  that  wc  have  chosen  it  as  an 
example. 

In  Januan,'  1916  the  number  of  direct  exchange 
lines  in  the  London  area  was  about  147.300.  Allo»-ing 
(or  increase  in  the  population  within  the  area,  and 
assuming  a  development  up  to  a  figure  o(  jo  for  tlie 
inhabitants  per  telephone,  it  will  be  seen  that  the 
number  of  stations  will  ultimately  not  be  far  short 
of  one  million,  witl»  a  corresponding  number  of  dire  t 


ultimate  conditions.     It  could  give  a  passable  ser\-ice 
only  at  an  enormous  expense. 

The  map  reproduced  from  the  London  Telephone 
Director)-  in  Fig.  1  shows  the  distribution  of  the  lines 
over  the  different  exchanges  in  Januan>'  1916.  In 
Fig.  2  the  areas  corresponding  to  each  of  the  numbers 
of  lines  shown  in  Fig.  I  have  been  roughly  sketched 
in,  and  a  proportionate  increase  in  these  numbers 
up  to  the  ultimate  development  of  700,000  lines  has 
b.-.-Ti  assumed.     The  actual  development  will,  of  course. 
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Fig.   I. — London  telephone  area,  showing  numl^cr  of  subscribers'  lines  on  each  exchange  at  January'  1916, 

(Total  No.  of  lines  147,330.) 


line*  of  700,000.  The  average  number  of  lines  per 
exchange  at  present  is  roughly  2,000.  The  si/e  of  a 
manual  exchange  is  limited  by  the  length  n(  the 
operator's  arm  and  minimum'  diameter  practicable 
for  the  connecting  plugs  to  alMnit  10,000  working  Uncs. 
Oil    *■  ■    system.  s<^>me    150    to    200 

e»'  l>«-  iiliiti  •■s.sary.     Kvcn  with 

til'  the   difficulties   nf 

jui  in   their  effect  Ix.th 

on  on    the    exprnses       It    l>ecomc!i. 

•n'l'      .     ,  whither  a  purely   manual  system 

would    be   capable   of   dealing    Mtisfactonly    with    the 


deviate  vcr^•  widely  from  this  simple  as.sumption,  and 
in  a  way  which  it  is  quite  imjHJSSible  to  pre<lict  without 
a  greater  knowledge  of  the  details  than  the  authors 
pos.sess.  Let  us  assume,  however,  that  I-"ig.  2  repre- 
sents the  result  of  an  accurate  devclf)pnient  study 
made  by  the  .idministrafion.  Fig.  3  shows  a  mid-way 
stage  at  whiih  tlie  total  <levclopmcnt  has  reached 
400,000  lines,  corresponding  roughly  to  s'»o,ooo  tcle- 
plionrs.  Harly  in  the  war  it  was  estimated  that  the 
niiinlKT  of  telephones  in  the  London  area  umuKI  reach 
450,000  in    l()22   and   r><x>.ooo  in    1929*      Intrrfxilating 

•  r«l«^kow  aiti  TiUpmfk  Jimrmal,  l«l).  vol.   I,  p.  iM. 
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for  our  figure  of  560,000  and  allowing  for  the  4  years' 
stalemate,  we  may  estimate  that  the  conditions  shown 
in  Fig.  3  will  be  reached  about  1930.  Fig.  3  represents, 
then,  roughly  the  conditions  shortly  after  the  con- 
version of  the  system  might  be  expected  to  be  complete. 
The  first  step  in  the  apphcation  of  a  mechanical 
switching  scheme  of  any  tj-pe  is  to  decide  how  the 
numbers  by  which  the  subscribers  are  to  be  identified, 
or  the  combinations  of  trains  of  impulses  by  which 
they  are  to  be  reached,  are  to  be  allocated  to  the  different 


the  reason  given  being  that  it  leads  to  confusion  and 
errors  on  the  part  of  both  subscribers  and  operators. 
This  has  often  been  discussed  as  one  of  the  difficulties 
in  a  full  automatic  system  for  London,  ^^'hether 
there  is  any  e\'idence  to  warrant  these  anticipations 
of  trouble  the  authors  do  not  know.  Possibly  the 
real  reason  for  these  statements  is  that  it  is  not  prac- 
ticable to  work  more  than  10,000  lines  on  an  exchange 
of  the  standard  manual  type.  Certainly,  there  is  no 
reason   ob^■ious  at  first  sight  why  an   exchange  name 


Fig.  2. — London  telephone  area,  showing  number  of  subscribers'  lines  in  each  area  when  total  development 

reaches  700,000  lines. 


geographical  divisions.  Unless  we  use  more  than  10 
different  figures  or  svmbols  in  making  up  oiu-  numbers, 
combinations  of  at  least  six  are  required  in  order  to 
form  the  700,000  different  numbers  needed.  In  other 
words,  we  must  employ  a  six-figure  or  one-million 
system  for  the  subscribers'  numbers,  no  naatter  what 
systems  we  use  for  the  impulses  controHing  the 
switches,  whether  decimal  or  non-decimal.  It  has 
been  an  accepted  principle  in  manual  practice  that 
the  use  of  more  than  the  exchange  name  and  four 
digits  to  identify  a  subscriber's  line  is  not  permissible. 


and  five  digits,  e.g.  North  23432,  should  be  entirely 
unworkable  while  an  exchange  name  and  four  digits, 
e.g.  North  2343,  is  common  practice.  It  is  clear,  of 
course,  that  we  can  use  an  exchange  name  or  a  letter 
as  the  first  symbol  of  our  six-digit  number  instead 
of  a  figure,  provided  we  mark  both  sets  of  symbols 
on  the  dial.  The  use  of  the  letter  has  been  common 
on  American  automatic  systems,  but  the  authors  prefer 
an  exchange  or  rather  a  regional  name.  Our  reason 
is  that  there  is  then  some  association  between  the 
telephone    number    and    the    geographical    position    of 
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the  subscriber's  premises,  which  assists  mcmon,'  and 
checks  mistakes.  No  one  would  dial  "  Kent  "  for 
•■  Harrod's  Stores,"  nor  "  Piccadilly  "  for  "  Tilbury 
Docks,"  but  one  might  more  easily  by  a  slip  of  the 
memory-  dial   "  B  "  when   one  should   dial   "  D." 

Since  we  have  the  choice  of  lo  s\Tnbols.  we  can  in 
the  first  place  di\-ide  our  development  map  into  any 
number  of  "  regions  "  up  to  lo.  But  just  as  tlie  hnes 
in  a  manual  exchange  area  must  not  exceed  10,000. 
so  the  number  in  each  of  these  regions  must  not  exceed 


the  di\ision  shown  is  the  best  that  can  be  made,  nor 
that  the  names  are  the  most  suitable.  They  arc  con- 
cerned only  with  sketching  a  rough  outline  of  a  possible 
scheme,  with  the  object  of  discovering  and  discussing 
the  main  difticulties.  It  will  be  noticed  that  in  the 
outer  districts  numbers  have  been  assigned  ven,-  much 
on  the  basis  of  the  existing  exchange  areas,  for  in  these 
districts  the  distribution  of  the  subscribers  and  the 
arrangement  of  the  line  plant  will  tend  to  cause  these 
areas    to    be    retained    unaltered.     In    the    congested 


Fig.  3. — London  telephone  area,  showing  number  of  subscribers'  lines  in  each  area  when  total  de%'elopmcnt 

reaches  400,000  lines. 


ifKiooo.  The  desirability  of  avoiding  numbers  like 
"  Bank  03423  "  further  limits  the  numlicr  permissible 
in  each  region  to  90.000.  As  will  appear  later,  use 
may  l>c  made  of  numl)crs  with  o  in  the  second  place 
lor  service  lines. 

Fig.  4  shows  London  divided  into  nine  such  regions. 
with  the  names  which  might  be  assigned  to  each  region 
and  the  numljcrs  which  might  be  reserved  for  the  lines 
in  each  part  of  the  region.  The  boundaries  of  these 
regions  need  to  \>c  dctfrminr<l  by  an  accurate  study 
of    the   conditions.     The    authors    do    not    claim    that 


central  districts  certain  re-arrangements  have  Ix'en 
made,  partly  Inxause  the  boundaries  of  the  existing 
exchange  areas  do  not  serve  well  as  the  dividing  lines 
between  the  proposed  new  90,000-line  regions.  It  is 
hardly  to  be  expected  that  a  change  in  system  could 
be  made  without  some  rc-arrangcmcnt  in  exchange 
areas.  The  prtKess  i>f  development  up  to  the  700.000- 
linc  date  would  naturally  involve  some  adjustment 
of  boundaries.  With  a  manual  system,  of  course, 
such  an  adjustment,  involving  change  of  subscribers' 
numbers,  is  made  each  time  a  new  exchange  is  opened. 
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Fig.  4  also  shows  the  marking  of  the  dial  corre- 
sponding  to   the   numbering   scheme   assumed. 

In  Fig.  5  we  have  indicated  the  ranges  over  which 
the  numbers  might  extend  at  the  date  when  400,000 
lines  are  reached,  corresponding  to  some  slight  re- 
arrangements to  the  distribution  shown  in  Fig.  3. 
This  is  important,  for  we  have  assumed  that  it  represents 


large  central  exchange  or,  since  there  are  no  expenses 
for  "  B  "  operating,  divide  it  up  among  several  hundreds 
of  small  exchanges,  without  affecting  the  numbering 
scheme. 

In  order,  however,  to  have  a  concrete  case  with 
which  to  make  clear  the  relations  between  the  various 
exchanges,    let   us    assume    for   the   moment   that   any 


Fig.  4. — London  telephone  area  numbering  for  full  automatic  working  at  the  ultimate  of  700,000  lines. 


roughly  the  state  of  affairs  when  the  conversion  is 
complete.  It  is  therefore  the  aim  which  has  to  be 
kept  in  \'iew  when  discussing  the  problems  of  the 
transition  period. 

Figs.  4  and  5  are  to  be  considered  as  representing 
solely  the  way  in  which  telephone  numbers  might 
be  allocated  to  different  geographical  parts.  The 
determination  of  the  number,  size  and  position  of 
the  exchanges,  is  quite  a  distinct  matter.  We  might, 
for  instance,  install  all  the  exchange  apparatus  in  one 


automatic  exchanges  we  establish  are  to  be  installed 
in   the   same   positions   as   the   existing   exchanges. 

When  we  ha\'e  clear  ideas  of  these  relations  and 
the  arrangements  of  the  junctions  between  the  exchange 
it  will  be  time  to  discuss  how  their  number,  size  and 
position  should  be  determined.  We  will  take  the 
region  we  have  named  "  South  "  for  more  detailed 
discussion,  since  it  seems  likelj'  to  be  the  most 
awkward  to  handle. 

The  table  on  page  177  shows  the  numbering  we  have 


17G     LAIDLAW   AND   GRINSTED:   THE   TELEPHONE   SERVICE   OF   LARGE   CITIES, 


assigned  to  the  diflfercnt  exchange  areas  in  "  South  " 
corrcsp».)nding  to  Fig.  4. 

Let  us  consider  in  the  first  place  how  the  traffic 
originating  in  the  "  South  "  region  will  be  completed. 
Part  of  it  will  be  completed  within  the  region,  but 
the  g^rcatcr  part  will  go  out  to  tlic  central  districts 
of  London. 

Assume  for  the  moment  that  all  the  lines  in  "  South  " 
are  connected  to  one  exchange,  located  say  in  Battersea, 


I  of  the  switch  to  a  particular  level,  the  calling  subscriber 
I  can  extend  his  connection  over  a  junction  into  any 
desired  region.  For  instance,  by  dialling  "  2  "  he 
obtains  access  to  the  junctions  multipled  on  level 
"  2  "  and  extends  liis  call  to  the  exchange  in  the 
"  Cit>'  "  region.  The  junctions  terminate  here  in 
second  selectors  which  respond  to  the  second  figure 
dialled  and  so  on.  The  fines  multipled  on  the  le\el 
corresponding   to   the    "  South  "   region    (level   8)    ter- 
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and  til'-  lini'S  in  all  the  other  regions  arc  similarly 
trcatc<l,  being  connected  to  a  single  exchange  in  each 
region.  Fig.  6  indicates  roughly  these  conditions. 
A  'Mllinr  •'itsrnhcr's  line  would  be  directed  by  the 
'  .'-s  (prc-sflcctors  or  their  ctjuivalcnt) 

'  ■■jr  switch  in  Ilattcrsca,  as  indicated 

in  1-ig.  7.  (>n  the  levels  of  this  first  selector  groups 
of  junctions  arc  maltipled  ;  each  level  .corresponds 
to   one    of    the   regions  and,   by  directing   the  wipers 


minatc  in  second  selectors  in  Hattcrsea  itself,  as  shown 
in  Fig.  7,  where  a  call  coinpleleil  within  "  Siiiith  " 
is  shown.  "  South  3sr<^4  "  has  called  "  South  ^w^o." 
By  dialling  "  South  "  he  obtains  a  link  from  the  multiple 
of  the  first  selectors  to  a  second  selector  in  the  same 
exchange.  Dialling  "  3  "  causes  the  second  seli-ctor 
to  extend  the  connection  to  a  third  selector  in  the 
30000-31999  group,  "  I  "  causes  the  third  selector 
to  extend  it  to  a  fourth  selector  in  the  31000-31999 
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group,  "  2  "  causes  the  fourth  selector  to  extend  it  to 
a  "  final  selector  "  in  the  31200-31299  group,  "  3  " 
sets  the  final  selector  opposite  the  level  on  which  fines 
31230-9  are  multipled,   and  "  o  "  sets  it  on  fine  31230. 


South  (8). 

Assumed 

ultimate  lines 

Numbering 

Battersea 

9,100 

South  10000-19999 

Putney 

9,900 

20000-29999 

Croydon 

10,000 

30000-39999 

Richmond 

■       8,450 

40000-49999 

Streatham     . 

9,700 

50000-59999 

Kingston 

9,550 

60000-69999 

Wimbledon   . 

7,680 

70000-77999 

Esher.. 

1,420 

78000-79999 

Purlev 

4,220 

SooOO-84999 

Merstham 

422 

85000-85999 

Reigate 

1,500 

86000-87999 

Redhill 

1,630 

88000-89999 

Sutton 

5,400 

90000-95999 

Epsom 

1,950 

96000-97999 

Burgh  Heath 

1. 185 

98000-99999 

Fig.  6,  in  which  each  of  the  nine  regional  exchanges 
has  fines  from  its  first  selector  multiple  terminating 
in  second  selectors  in  the  other  eight  exchanges,  and 
fines  from  the  particular  level  corresponding  to  its 
own  region  terminating  in  second  selectors  in  itself, 
would  pro\dde  for  the  completion  of  all  the  traffic 
originated    in    each    region,    both    outgoing    and    local 


82,107 

Had  the  call  been  for  "  Citj'  31230,"  the  first  selector 
would  have  extended  the  connection  over  level  2  to 
to   a   second   selector   in    "  City."     The   action   of   this 


Fig.  6. 
Junctions  from  concentrating  s\vitch  to  first 
selectors. 

—  X  —  X — -X —  Junctions  from  third  selector  multiple 
to  fourth  selectors. 

second  and  the  subsequent  selectors  in  extending  the 
connection  to  "  31230  "  would  be  exactly  similar  to 
that    described    for    "  South." 

A  siniple  arrangement  such  as  that  partly  shown  ui 


Z'^seliS 


Fig. 


to  the  region.     All  the  junctions  would  be  fines  between 
first  selector  multiples  and  second  selector  switches. 

This  simple  scheme  is,  of  course,  totally  uneconomical  ; 
we  cannot  bring  lines  frora  Croydon,  for  example, 
direct  into  an  exchange  at  Battersea.  We  must  arrange 
for  calls  originated  at  Croydon  to  be  completed  over 
junction  fines   in   order  to  reduce   the   circuit  mileage 


"Soutr^ 
31230"  5 


S  4. tit  3, 


Croydon- 


CoAcentrdt  tng^ 
"Soufli     DWitcrte^ 
35764"  


Fig.  8. 

of  the  subscribers'  lines  to  an  economical  figure.  One 
way  of  doing  this  is  shown  in  Fig.  8.  We  can  install 
concentrating  s\\-itches  at  Croydon  for  the  Croydon 
calls,  together  with  the  final  selectors,  fourth  selectors 
and,  perhaps,  even  the  third  selectors,  through  wh'ch 
access  to  the  Croydon  numbers  ("  South  "  30000-39999) 
is  obtained.  The  circuits  then  required  between 
Croydon  and  Battersea  would  be  reduced  to  two  groups 
of  junctions,  one  sufficient  for  the  total  trafiic  originated 
by  Croydon   subscribers,   and   the  other  sufficient   for 
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the    total    traffic    incoming    to    them    (including    calls 
from  one  Croydon  subscriber  to  another). 

Even  with  tliis  arrangement  applied  to  all  the  ex- 
changes in  the  region,  we  have  not  reached  a  very 
practical  scheme.  Battersca  has  become  what  is 
usuallv  called  in  "  automatic  "  literature  a  "  main 
exchange."  and  even."  connection  originated  in  the 
South  region,  whether  local  or  outgoing,  and  also  every 
connection  incoming  to  the  South  region,  is  completed 
through  Battersea.  It  is  obviously  bad  for  transmission 
and  extravagant  in  circuit  mileage  on  the  junctions 
to  engage  a  circuit  from  Croydon  to  Battersea  and 
another  from  Battersea  to  Sutton,  for  e\en,-  call  between 
Croydon  and  Sutton,  or  two  circuits  between  Croydon 
and  Battersea  for  ever>'  call  between  two  subscribers 
on  Croydon.  The  arrangement  has  many  other  dis- 
advantages. If  Battersea  exchange  were  put  out  of 
commission  by  fire  or  accident  the  wliole  South  region 
would  be  deprived  of  ser\-ice.  .Administration  too 
would  be  very  cumbersome,  if  ven,-  distant  exchanges 
like  Battersea  were  involved  in  and  responsible  for 
traffic  between  neighbouring  exchanges  like  Redhill 
and  Reigate, 

This  is  the  second  difficulty  that  has  been  feared  in 
the  apphcation  of  automatic  working.  It  is  easily 
surmounted  or,  rather,  in  reaUt\',  it  does  not  exist, 
l-'ear  of  it  has  arisen  from  a  lack  of  comprehension 
of  the  junction  arrangements  of  which  an  automatic 
system  is  capable. 

The  need  for  carr\-ing  the  whole  of  the  traffic  origin- 
ating in  South  tlu-ough  Battersca  arises  from  the  fact 
that  Battersea  is  the  only  exchange  which  we  have 
pro\idcd  with  first  selectors.  If  we  put  first  selectors 
in  Croydon  and  provide  junctions  from  the  multiple 
on  these  selectors  to  second  selectors  in  each  of  the 
regional  exchanges,  Croydon  subscribers  can  complete 
their  connections  to  other  regions  without  passing 
through  Battersea.  Tliis  is  indicated  in  Fig.  g. 
Level  8  on  these  first  selectors,  corresponding  to  the 
South  region,  will  have  links  to  second  selectors  in 
Croydon  exchange  itself,  and  these  second  selectors 
will  have  access  to  third  selectors,  etc.,  also  in  Croydon. 
Now  if  our  Croydon  subscriber  "  South  35764  "  calls 
another  Croydon  subscriber  "  South  31230,"  the  con- 
nection can  be  complete<l  entirely  within  the  Croydon 
exchange.  By  dialling  "  South  "  he  obtains  a  link 
from  the  multiple  of  the  first  selectors  to  a  second 
selector  also  in  Croydon.  E)ialling  "  3  "  causes  the 
scton'I  selector  to  extend  tlie  connection  to  a  third 
selector  in  the  30000-39999  group,  "  1  "  causes  the 
third  selector  to  extend  it  to  a  fourth  selector  in  tlie 
3 1 000-3 1 999  groups,   and  so  on  as  before. 

'  ;  now  our  Croydon  subscriber  "  South  35764  " 
I  suliscribcr  at   Sutton.     The  subscribers   at 

Suttuii  liavc  numbers  "  South  90000  "  to  "  95999." 
Ihalhng  "  South  "  selects  a  link  from  the  home  level 
(level  8)  on  the  first  selectors  to  a  second  selector  in 
Croydon  exchange  as  Ijeforc.  Dialling  "  9  "  causes 
tlus  »cc<md  Rclcct'ir  to  choose  a  line  from  level  9 
on  the  second  selector  multiple.  This  line  is  a  junction 
terminating  in  a  third  selector  in  Sutton,  which  will 
extend  the  connection  through  fourth  and  final  selectors 
to  the  »ub»cnbcr  rwjuircd   (sec  lig.  9). 


The  whole  of  the  numbers  commencing  with  "  South 
9,"  however,  are  not  in  the  Sutton  area  ;  some  {"  South 
96000  "  to  "  97999  ")  are  in  the  Epsom  area  and  some 
("  South  9S000  "  to  "  99999  ")  in  the  Burgh  Heath 
area.  Suppose  our  Croydon  subscriber  "  South  35764  " 
requires  one  of  these,  say  "  Soutli  98230."  We  have 
seen  that  dialling  "  South  " — "  9  "  extends  the  con- 
nection to  a  third  selector  in  Sutton.  Levels  o  to  5 
on  this  selector  are  home  levels  ha\-ing  Unks  to  fourth 
selectors  in  Sutton.  The  lines  from  levels  8  and  9, 
howe\-er,  are  junction  lines  terminating  in  fourth 
selectors  in  Epsom,  which,  responding  to  the  dialling 
of  "2,"  extend  tlie  connection  to  final  selectors  in 
the  "  South  98200-98299  "   group  of  Epsom  lines. 

Referring  to  the  table  showing  the  numbering,  it 
will  be  seen  that  level  i  on  the  second  selectors  pro\ides 


inre  w: 
1'.*  ftclectors, 

o  Sub-exchange 


JuTictions  from  i*.^3dcctor  raultipleto2'^i*selectors. 

"  ■■     z^     "  <•       ■■  3"^       •> 

Fig.  9. — Showing  how  traffic  originated  in  Croydon 
is  completed. 

junctions  to  Battersea,  level  2  to  Putney,  level  4  to 
Richmond,  and  so  on.  Level  3  is  the  home  level  and 
has   links    to    third    selectors   in    Croydon    itself. 

With  the  arrangements  sketched  in  Fig.  9  we  can, 
then,  complete  all  the  calls  originated  in  Croydon  for 
other  subscribers  in  the  "  South  "  region,  only  carrvnng 
them  tliroiigh  Battersca  when  Battersea  subscribers 
are  wanted.  Similarly,  we  can  complete  all  Croydon's 
traffic  to  regions  other  than  "  South  "  by  direct  junctions 
to  their  regional  exchanges.  Junctions  to  these  regions 
arc  multipled  on  the  first  selectors  at  Croydon,  and 
terminate  on  second  selectors  in  the  regional  exchanges  . 
junctions  to  other  exchanges  in  the  same  region  are 
multiplcd  on  the  second  selectors  and  terminate  on 
third  selectors  in  the  other  "  South  "  exchanges. 

As  an  example  of  a  slightly  modified  nature,  let  us 
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take  the  traffic  originated  on  Esher,  which  we  assume 
is  too  small  to  warrant  direct  junctions  to  each  region. 
It  is  therefore  not  pro\-ided  with  first  selectors.  Its 
concentrating  switches  extend  calls  to  iirst  selectors 
in  Kingston  exchange  as  shown  in  Fig.  lo.  From  the 
first  selectors  in  Kingston,  which  is  equipped  similarly 
to  Croydon,  junctions  are  provided  to  regions  other 
than  South.  From  the  home  level  on  the  first  selectors 
(level  8)  second  selectors  in  Kingston  are  reached  and, 
from  the  multiple  on  these,  other  exchanges  in  "  South  " 
are  accessible.  In  this  way  the  outgoing  traffic  from 
Esher  is  provided  for.  Its  local  traffic  also  makes  use 
of  the  first  and  second  selectors  in  Kingston  and,  since 
its  numbers  commence  with  "  South  7  "  in  common 
with  Wimbledon  numbers,  the  second  selector  is 
directed  to  the  home  level  (level  7)  and  extends  the 
connection  to  a  third  selector  in  Wimbledon  exchange. 
Since  Esher  numbers  lie  between  "  South  78000  "  and 
"  79999  "  the  third  selector  is  directed  to  level  8  or  9, 
and  extends  the  connection  over  a  junction  to  a  fourth 
selector  in  Esher  exchange,  which  completes  it  xaa  a 
final  selector.  Esher  exchange  therefore  has  concen- 
trating switches  and  fourth  and  final  selectors  only. 
It  completes  its  outgoing  traffic  via  Kingston  and  its 
local   traffic   via   Kingston   and   Wimbledon. 

This  method  of  dealing  with  the  local  traffic  compares 
unfavourably  with  manual  practice.  It  must,  however, 
be  remembered  that  only  about  36  per  cent  of  Esher's 
traffic  is  local  and  that,  although  it  is  routed  through 
two  exchanges,  this  involves  no  expenses  for  "  B  " 
operators  as  with  manual  lending  junction  working. 
It  would  be  better  if  Esher  subscribers  could  have 
been  given  numbers  commencing  with  "  South  5  " 
instead  of  "  South  7."  They  would  then  have  been 
reached  via  Kingston,  and  local  traffic  between  Esher 
subscribers  would  have  been  completed  over  shorter 
junctions  from  Kingston  to  Esher  instead  of  junctions 
from  Wimbledon  to  Esher.  But  owing  to  the  assumed 
size  of  Kingston  approaching  10,000  at  the  ultimate, 
Kingston  numbers  are  not  available.  The  difficulty 
could  be  avoided  by  an  adjustment  of  the  exchange 
areas  by  throwing  some  1,700  Kingston  lines  on  to 
Wimbledon  and  so  relieving  Kingston  sufficiently  to 
leave  numbers  "  South  68,000  "  to  "  69,999  "  instead 
of  "  South  78,000  "  to  "  78,999  "  for  Esher.  Should 
it  be  uneconomical  to  take  these  1,700  lines  direct 
into  Kingston,  a  sub-exchange  similar  to  Esher  could 
be  estabUshed  for  them  working  into  Wimbledon. 
The  annual  costs  of  the  different  schemes  should  of 
course  be  compared  and  the  most  economical  method 
chosen.  The  authors  do  not  wish  to  be  understood 
as  recommending  in  any  way  the  particular  arrange- 
ment that  has  been  discussed.  They  have  followed 
the  assumed  existing  exchange  areas  and  have  dis- 
cussed the  difficulty  which  has  arisen  from  this  with 
a  view  to  seeing  how  it  might  be  overcome. 

It  should  be  stated  in  passing  that  arrangements 
by  which  the  engagement  on  local  calls  of  two  junctions 
to  the  nearest  exchange  with  first  selectors  can  be 
avoided,  have  been  developed.  The  junction  out- 
going to  the  first  selectors  is  engaged  temporarily 
until  the  impulses  sent  in  determine  that  the  call  is 
to  be  reverted  to  the  sub-exchange,  when  both  junctions 


are  freed  and  the  switches  on  which  they  terminate 
released.  These  arrangements  are  necessarily  some- 
what complicated  and  are  not  to  be  recommended 
unless  their  use  is  clearly  demanded  on  economical 
grounds. 

Summarizing  briefly  the  arrangements  shown  in 
Figs.  9  and  10  for  completing  calls  originating  in  the- 
"  South  "  region,  we  have  first  selectors  provided  in  cer- 
tain exchanges — Battersea,  Croydon,  Purley,  Putney, 
Kingston,  Richmond,  Streatham,  Sutton,  and  ^^'imble- 
don.  From  the  multiple  of  these  first  selectors,  direct 
junctions  terminating  in  second  selectors  are  provided 
to  other  regions.  From  the  home  level  on  these  first 
selectors,  hnks  are  taken  to  second  selectors  in  the 
same  exchange.     The  multiple  on  these  selectors  carries. 


®  Excha-nge  mth 
i^i*^  selectors. 

o  Sub-exchange. 


-  Jimctionsfromi^-?^  sdector  multiple  to  z^  Selectors, 


oTUi 


id 


Fig.   10. — Showing  how  traffic  originated  in  Esher  is 
completed. 


junctions  terminating  in  third  selectors  in  the  other- 
exchanges  in  the  hst  above,  except  on  the  home  levels 
which  carrs'  hnks  terminating  in  third  selectors  in 
the  same   exchange  or  in   sub-exchanges. 

From  first  selector  levels  there  are,  then,  groups  of 
junctions  radiating  to  the  different  regions,  and  on 
the  second  selector  levels  a  system  of  intra-regional 
junctions  connecting  the  exchanges  of  that  region, 
such  as  is  sketched  for  the  "South"  region  in  Fig.  11. 
In  addition,  there  may  be  junctions  outgoing  from 
concentrating  switches  in  sub-exchanges  to  first  selectors 
in  the  nearest  exchange,  and  incoming  junctions  to 
third  or  fourth  selectors  in  sub-exchanges  from  the 
exchange  with  which  the  sub-exchange  has  numbers 
in  common. 

Let  us  turn  now  to  the  question  of  completing  th& 
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traffic  incoming  to  the  "  South  "  region  from  other  parts 
of  London,  considering  particularly  the  case  of  our 
Croydon  subscriber  "  South  35764."  His  incoming 
calls  (except  trunk  calls)  come  from  all  parts  of  the 
London  area,  but  chiefly  from  the  central  districts. 
All  of  them  arc  originated  on  regional  s\-stcms  similar 
to  that  which  we  have  described  for  "  South."  By 
diallmg  the  name  of  the  region  required,  namely, 
"  South,"  tlie  calling  subscriber  has  directed  a  first 
selector  to  level  8  on  its  multiple,  where  it  hnds  a  junction 
to  the  "  South  "  region  terminating  in  a  second  selector, 
let  us  say.  in  Battersca  exchange.  By  dialling  "  3  " 
this  second  selector  is  directed  to  the  level  providing 
junctions  to  Croydon  where  they  terminate  in  third 
selectors.  These  junctions  are  part  of  the  intra-rcgional 
s\-stcm  sketched  in  Fig.  11,  and  the  call  is  completed 
over  fourth  and  final  selectors  in  Croydon.  Fig.  12 
indicates  this  arrangement.  The  description  above 
would  apply  to.  say,  a  ■'  Victoria  "  subscriber  \vho  had 


Fig.   II. — Junctions  from  2ud  btltclor  multiple  to  3rd 
selectors  in  "  South"  region. 

called  "Croydon  3.5764."  All  the  traffic  from  the 
central  and  eastern  districts  of  London  to  Croydon 
would  be  completed  in  tliis  way  via  Battersea,  wliich. 
as  wc  have  said,  would  be  referred  to  in  automatic 
Uteraturc  as  the  main  exchange  for  "  South."  But  is 
it  necessary  to  carry  the  connections  from  districts 
adjacent  to  the  boundaries  of  the  "  South  "  region  through 
Battersca  ?  For  example,  must  calls  originated  in 
Bromlcj-  for  Cioydon  go  via  Battersea  ? 

Here  wc  meet  another  difficulty  which  is  really 
non-existent.  The  "  Kent  "  region  would  Ijc  laid  out 
himilarly  to  "  Sfiuth  "  with  a  system  of  cxdumgcs  having 
first  selectors  and  sub-exchanges  dependent  upon  these. 
I-ct  us  assume  that  Bromley,  Sydenham.  I3rixton. 
New  Cross,  \Vo<jlwich,  etc.,  have  first  selectors  the 
multiple  on  wliich  carries  junctions  to  the  difterfiit 
reirion*.  TTierc  is  no  re.ison.  however,  why  the  seconii 
■1  the  junctions  to  any  one  region  ter- 
I"-  in  fhr  R()-calle<l  "  main  "  exclianpc. 
J  he    >y»tcin    i>(  .nal    junctions    sketched    in 

Fig.  II  is  availal'  '  .   one  of  the  exchanges  other 

than  aub-cxchangcs,  w  the  junctions  from  level  8  on 


the  first  selectors  in  Bromley  which  carr^'  calls  originated 
in  Bromley  for  the  "  South  "  region  can  be  taken  direct 
to  Croydon  and  not  to  Battersea.  Similarly,  Syden- 
ham's "  South  "  junctions  can  be  taken  to  Streatham, 
and  Chiswick's  "  South  "  junctions  to  Richmond.  A 
connection  from  Bromley  for  "  South  35764  "  is  ex- 
tended to  a  second  selector  in  Croydon  and  completed 
\-ia  third,  fourth,  and  final  selectors  also  in  Croydon. 
Had  it  been  destined  for  Esher  the  second  selector  in 
Croydon  would  have  extended  it  over  tlie  intra-regional 
junction  system  to  \\'imbIedon  and  thence  to  Esher 
as  described  on  page  179.  Fig.  12  indicates  how  this 
cross-boundary  traffic  can  be  handled.  The  routing 
is  httle,  if  any,  less  direct  than  with  manual  practice. 
It  is  only  necessary  to  enter  the  "  South"  region  via 
Battersea  when  this  is  desirable,  and  Battersea,  instead 


WtST 


Fig. 


12. — Showing  routes  for  traffic  incoming  to  Croydc 
("  South  "  30,000  to  39,999). 


of  being  the  "  main  exchange  "  for  "  South,"  becomes 
the  "  main  junction  centre."  Exchanges  like  Richmond 
and  Putney  can  be  regarded  as  junction  centres  for 
traffic  from  "  West,"  and  Streatham  and  Croydon  as 
junction  centres  for  traffic  from  the  neighbouring  parts 
of  "  Kent." 

So  much  for  the  traffic  incoming  to  our  Croydon 
subscrilxT  from  other  regions.  The  traffic  oriuinaterl 
in  the  "  South  "  region  itself  is  directed  over  the  home 
levels  of  the  first  selectors,  and  extended  over  links  to 
second  selectors  in  the  same  exchange  which  provi<ie 
access  to  the  intra-rcgional  junctions.  For  example, 
a  call  originated  on  Esher  uses  a  first  selector  and  a 
second  selector  at  Kingston,  and  is  extended  over  a 
Kingston-Croydim  junction  to  a  third  selector  in  Croydon 
as  sketched  in  F'ig.   10. 

l-'ig.  13  shows  the  different  routes  taken  by  calls 
originated  in  various  places.  A  call  from  Erilh  uses 
a  first  selector  at  Woolwich,  wliich  extends  it  over  its 
"  South  "  level  to  a  second  selector  at  Battersea.  The 
second  selector  extends  it  over  a  Batlcrsca-Croydon 
junction  to  a  third  selector  in  Croydon.     A  call  origin- 
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ated  in  "  Victoria  "  is  also  extended  to  a  second  selector 
in  Battersea  from  whence  its  route  is  similar.  A  call 
originated  in  Chiswick  is  extended  by  the  first  selector 
in  Chiswick  to  a  second  selector  in  Richmond,  and  from 
thence  to  a  third  selector  in  Croydon.  A  call  from 
Bromley  is  extended  over  the  "  South  "  level  at  Bromley 
direct  to  second  selectors  in  Croydon  which  have  access 
over  their  home  level  (level  3)  to  third  selectors,  whose 
multiple  is  common  \vith  that  of  the  third  selectors 
reached    from    Richmond    and    Battersea.     From    the 
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Fig.   13. — Incoming  trafSc  to  Croydon. 


third  selectors  onward  all  calls,  of  course,  follow  similar 
routes. 

Arrangements  oj  junctions  in  Central  London. — In 
densely  developed  areas  like  those  included  in  the 
regions  here  named  Bank,  Citj',  Piccadill}-,  and  Vic- 
toria, it  will  be  desirable  to  provide  direct  junctions 
between  each  automatic  exchange  and  every  other  in 
order  to  secure  the  shortest  routes  for  the  large  numbers 
of  junctions.  The  junction  arrangements  are  therefore 
the  same  as  with  the  manual  system,  although  the 
aU-powerful  factor  necessitating  direct  working,  namely, 
operating  costs,  is  absent  in  the  automatic  system. 
Insurance  agsiinst  interruptions  in  ser\'ice  and  con\'eni- 
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ence  in  the  organization  for  the  maintenance  of  jimction 
circuits  would  also  tell  in  favour  of  direct  junctions. 

To  pro\dde  for  direct  junctions  between  all  exchanges 
in  these  regioni,  the  junctions  could  be  arranged  between 
the  second  and  third  selectors.  Thus,  a  subscriber  on 
Avenue  would,  by  pulhng  "  Vict."  on  the  dial  operate 
a  first  selector  in  A^•enue,  which  would  extend  the 
connection  not  to  a  junction  into  the  "  Victoria  " 
region,  but  to  one  of  a  group  of  second  selectors  installed 
in  Avenue  exchange  itself.  By  pulling,  say,  "  8  " 
he  would  direct  this  second  selector  to  a  level  on  which 
junctions  to  the  particular  exchange  required  (i.e. 
Kensington)  are  multipled.  He  thus  secures  a  direct 
line  from  Avenue  to  Kensington.  Further  impulses 
operate  third,  fourth,  and  final  selectors  in  Kensington 
to  select  the  number  called. 

Determination  of  the  number,  size,  and  position  of 
exchanges. — In  the  abo\-e  illustrations  it  has  been 
assumed,  for  the  sake  of  clearness,  that  the  new  auto- 
matic equipments  are  installed  in  the  same  or  very 
nearly  the  same  locations  as  the  existing  manual 
exchanges.  Assumptions  have  also  been  made  with 
regard  to  the  types  of  selectors  with  which  each  exchange 
is  equipped,  and  how  its  junction  circuits  would  be 
arranged.  These  are,  of  course,  matters  requiring 
careful  study. 

The  position  of  an  automatic  exchange  is  deter- 
mined by  verj'  much  the  same  factors  as  those  operating 
with  the  manual  system,  cliiefly  subscriber's  line  mileage, 
and  land  and  building  costs.  In  the  suburbs,  however,' 
where  the  telephones  are  distributed  m  groups  separ- 
ated by  comparatively  open  districts,  the  facihties 
afforded  by  the  automatic  system  for  opening  sub- 
exchanges,  without  incurring  additional  costs  for  "  B  " 
operating,  would  lead  to  the  provision  of  more  exchanges 
and  so  would  ha\'e  an  influence  on  their  position.  For 
instance,  where  the  denser  parts  form  an  area  of  elon- 
gated shape  as  in  Croydon,  an  exchange  towards  each 
end  might  take  the  place  of  a  single  exchange  in  the 
centre. 

In  densely  developed  Central  London  the  size  of 
the  exchange,  no  longer  Hmited  by  the  length  of  the 
operator's  arm,  would  tend  to  mcrease  in  order  to 
secure  the  advantages  of  the  reduced  cost  per  line  of 
large  buildings.  It  would,  under  the  ultimate  condi- 
tions, be  hmited  possibly  only  by  the  physical  difficulties 
of  pro\dding  duct  space  in  the  approaches  to  the  exchange 
building. 

The  exchanges  in  the  suburban  districts  would  there- 
fore tend  to  be  more  numerous,  and  those  in  the  central 
districts  less  numerous,  than  with  a  corresponding 
manual  system. 

The  type  of  equipment  to  be  employed  in  each 
exchange  in  the  suburban  districts  is  also  a  matter  for 
study  from  the  economical  standpomt.  Whether  an 
exchange  hke  Richmond  (see  Figs.  9,  11,  and  12)  should 
be  equipped  with  first  selectors  and  have  junctions 
from  them  into  each  region,  with  junctions  from  its 
second  selectors  to  Putney,  Battersea,  Streatham, 
Wimbledon,  Croydon,  Sutton,  and  Kingston,  as  we 
have  assumed,  or  whether  it  should  make  use  of  the 
first  selectors  in,  and  junctions  from,  Putney,  would 
be  determined  from  a  comparison  of  the  junction  mileage 
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necessary-  with  cac)i  scheme.  Yet  another  alternative 
would  be  to  provide  first  selectors  in  Richmt)nd,  multi- 
pled  with  junctions  to  other  regions,  and  to  take  the 
lines  from  the  home  or  "  South  "  level  oft  these  switches 
to  second  selectors  in  Putney.  Richmond  now.  instead 
of  having  direct  junctions  to  each  other  exchange  as 
shown  in  Fig.  ii,  makes  use  of  Putney's  junctions  for 
its  "  South  "  calls. 

Problems  of  the  Transition  Period. 

Change  of  numbers. — The  selection  of  the  method 
and  time  for  the  change  of  the  subscribers'  numbers 
is  one  of  the  serious  problems  to  be  faced  in  the  intro- 
duction of  the  full  automatic  s\-stem.  Seeing  how 
intimately  it  affects  the  subscribers,  it  is  a  problem 
wliich  calls  for  ample  consideration  in  arriving  at  the 
best  solution,  and  boldness  and  finnncss  in  apphing 
the  solution  decided  upon. 

The  need  for  the  change  of  numbers  is  sometimes 
looked  upon  as  a  disadvantage  accompanying  the 
introduction  of  the  full  automatic  system.  With  a 
manual  system  the  opening  of  each  new  exchange  is 
usually  attended  by  some  re-arrangement  of  exchange 
areas  and  consequent  re-numbering  of  subscribers,  so 
that  as  a  manual  system  develops  the  need  for  number 
changes  is  alwaj-s  present.  \\'ith  tlie  full  automatic 
system,  however,  if  a  well-designed  numbering  scheme 
based  on  careful  development  studies  is  applied  at  the 
outset,  the  numbers  then  allotted  need  suffer  little 
change  thereafter. 

The  method  adopted  for  the  change  should  in  the 
first  place  be  that  which  will  cause  the  least  inconvenience 
to  the  subscribers.  It  should  involve  the  administration 
in  as  little  expense  as  possible  for  notices,  new  direc- 
tories, dealing  with  inquiry  traffic,  re-marking  mtiltiples, 
etc.  The  metho<i  and  the  time  should  be  reasonable 
from  the  point  of  view  of  the  public  so  that  the  change 
gives  rise  to  as  little  adverse  comment  as  possible. 
The  question  of  how  the  change  is  made  has  also  a 
considerable  bearing  on  the  methods  of  handling 
junction  traffic. 

To  change  the  number  of  each  subscriber  as  his  line 
is  converted  from  manual  to  automatic  working,  appears 
at  first  sight  most  reasonable,  but  it  has  many  disadvan- 
tages, the  chief  of  which  are  the  lengthy  period  over 
which  number  changing  is  in  progress  and  the  imcco- 
nomical  methods  of  handhng  junction  traffic  which 
result  from  the  unsuitability  of  the  existing  numbers 
to  dial  calling. 

On  the  other  hand,  to  change  the  numbers  througliout 
the  area  at  once  would  result  in  many  numbers,  particu- 
larly in  outlying  exchanges,  being  changed  unnecessarily 
soon.  For  although  the  addition  of  a  digit  to  the 
exchange  name  and  four  digits  of  a  City  number  would 
\te  no  serious  inconvenience,  it  is  not  desirable  to  sub- 
sti'.tite  numbers  like  "  South  88361  "  for  "  Redliill  61  " 
as  long  as  the  re<|uircd  subscribers'  numbers  have  to 
be  transmitted  orally.  It  is  preferable  as  long  as  the 
outlying  exchanges  retain  manual  equipment  to  allow 
them  to  retain  their  present  numbering. 

The  authors'  propjjsal  would  be  therefore  to  change 
at  one  time  the  numncrs  of  all  the  subscribers  connected 
to  exchanges  in  the  "  Inner  London  "  area,  i.e.  witliin 


the  boundaries  of  tJie  present  Coimty  of  London.  Each 
"  Outer  London  "  exchange  would  retain  its  present 
name  and  numbering  until  it  became  incorporated  in 
the  full  automatic  exchange  system.  This  distinction 
between  "  Inner  "  and  "  Outer  London  "  would  not 
appear  unreasonable  to  the  subscribers,  for  the  dividing 
line  is  already  marked.  "  Inner  "  and  "  Outer  London  " 
subscribers  pay  different  rates  and  the  fees  charged 
to  them  for  junction  calls  are  differently  arranged. 
Since  by  far  the  greater  amount  of  the  traffic  originated 
in  the  "  Inner  "  area  is  completed  witlxin  tliat  area, 
a  very  large  proportion  of  the  calls  originated  in  anv 
automatic  exchange  introduced  into  the  "  Inner  " 
area  could  be  dealt  with  bv  the  dial  and  only  a  small 
percentage  would  need  to  be  telephoned  to  an  operator. 
These  would  be  the  calls  for  "  Outer  London  "  exchanges 
on  which  the  numbers  remain  short  and  suitable  for 
telephonic  transmission. 

The  proposal  to  change  all  "  Inner  London  "  exchange 
names  and  numbers  to  the  new  automatic  region  names 
and  numbeis  at  one  time  prior  to  the  commencement 
of  the  work  of  converting  the  plant,  has  numerous 
advantages.  The  change  could  be  made  shortly  after 
the  public  annoimcement  of  the  decision  to  install  the 
automatic  system,  at  a  time  when  the  subscribers  would 
be  in  a  mood  to  accept  it  willingly.  It  could  be  made 
at  a  date  which  might  be  definitely  fixed  a  considerable 
time  in  advance,  so  that  the  subscribers  have  plent\- 
of  notice  and  an  opportunity  to  dispose  of  stationery, 
etc.,  bearing  the  old  number.  When  number  changes 
are  made  on  the  occasion  of  an  exchange  transfer,  the 
notice  must  necessarily  be  short  on  account  of  the 
delays  to  which  the  conversion  of  plant  is  exposed. 
Further,  there  is  the  verj'  considerable  advantage  in 
changing  all  the  numbers  at  the  same  time  tliat  each 
user  knows  his  corrcsjiondents'  numbers  are  being 
changed.  \Micn  changes  are  made  on  the  occasion  of 
an  exchange  transfer,  the  subscribers  invohcd  may  be 
well  aware  of  the  change,  but  other  subscribers  calling 
for  them  are  likely  to  be  ignorant  of  it.  This  should 
assist  considerably  in  the  reduction  of  inquiry  traffic 
after  the  change. 

The  earlier  the  change  is  made  the  less  the  inconve- 
nience both  to  the  subscribers  and  the  administration, 
for,  as  time  goes  on,  conditions  will  become  more  and 
more  settled  and  subscribers  more  and  more  numerous. 
A  wholesale  change  such  as  that  proposed,  not  only 
tends,  as  shown  above,  to  reduce  the  actual  tnuible 
always  attendant  on  number  changes,  but  is  likely  to 
give  rise  to  less  irritation  and  im.iginary  trouble  than 
a  succession  of  piecemeal  changes  extending  over  8 
to  ID  years.  ITninformed  newspaper  criticism  is  likely 
to  consider  the  latter  method  a  "  muddle,"  whereas 
any  trouble  following  the  univeisal  change  is  easily 
explained  and  .soon  subsides. 

Hy  making  a  universal  change  before  commencing 
the  conversion,  time  is  given  for  subscribers  to  become 
accustomed  to  the  new  numbers  .ind  one  of  the  difficulties 
attending  exchange  transfers  is  eliminated. 

The  introduction  of  the  new  numbers  throughout  a 
considerable  portion  of  the  area  makes  it  possible  for 
subscribers  on  automatic  exchanges  to  call  with  the 
dial  on  all  but  a  vcrj-  small  proportion  of  their  traffic. 
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Calls  for  any  exchange  on  which  the  existing  numbering 
is  retained  must  necessaril}-  be  telephoned  to  an  operator 
ha\'ing  the  same  functions  as  the  "  A  "  operator  in  a 
manual  system.  Calls  for  a  manual  exchange  on  which 
the  automatic  numbers  have  been  introduced  can 
be  dialled,  the  number  required  appearing  on  lamp 
signals  in  front  of  the  distant  "  B  "  operator,  who 
completes  the  connection  without  speaking  to  the 
subscriber.  In  fact,  as  far  as  the  subscriber  is  aware, 
the  whole  connection  might  ha\-e  been  set  up  automati- 
cally. Obviously,  it  is  decidedly  economical  to  introduce 
the  new  numbering  on  as  many  manual  exchanges  as 
convenient,  at  least  as  soon  as,  if  not  before,  the  first 
automatic  exchange  is  brought  into  use. 

Since  the  lines  on  all  "  Inner  London  "  exchanges 
would,  after  the  change,  bear  numbers  commencing  with 
the  regional  names,  subscribers  on  automatic  exchanges 
would  naturally  make  calls  for  them  with  the  dial. 
These  calls  would  be  completed  bv  the  distant  "  B  " 
operators  as  described  above.  Since  the  nanies  of 
"  Outer  London  "  exchanges  do  not  appear  on  the  dial, 
subscribers  would  be  unable  to  dial  thcni  and  would 
call  an  "  A  "  operator  by  pulling  "  O  "  or  any  other 
number  assigned  for  the  purpose.  Thus,  only  "  Outer 
London  "  calls  would  be  handled  through  "  A  "  opera- 
tors ;  this  eliminates  the  difficultj-  of  charging  the 
junction  fees  on  such  caUs,  assuming  tariffs  remain 
on  the  same  system  as  at  present.  As  long  as  this  is 
the  case  the  "  A  "  ojierators,  through  whose  agency 
"  Outer  London  "  connections  are  estabUshed,  would 
record  by  ticket  all  such  calls.  If  desired,  "  telephone 
unit  metering  "  might  be  introduced  in  all  "  Inner 
London  "  calls  on  each  automatic  exchange  as  it  is 
brought  into  use,  ticket-recording  being  retained  on 
"  Outer  I,ondon  "  calls  until  the  "  Outer  "  area  is 
joined  up,  section  by  section,  with  the  niain  automatic 
system.  As  each  section  is  joined  up  so  that  calls 
to  it  are  completed  automatically,  the  proper  rate  for 
"telephone  unit  metering"  would  take. the  place  of 
the  manual  operator's  ticket  record. 

Stages  of  conversion. — As  foreshadowed  in  the  discus- 
sion on  re-numbering,  only  the  "  Inner "  (County  of 
London)  area  would  at  first  form  a  united  automatic 
exchange  sj'stem.  Any  outlj-ing  exchanges  converted 
would  remain  individual  centres,  retaining  their  old 
name  and,  perhaps  even  to  a  large  extent,  their  old 
numbering,  just  as  Epsom,  wliich  has  already'  been 
con\erted,  does  at  present.  As  the  network  is  built 
outwards  to  them,  they  could  assume  the  new  numbering 
and  be  embodied  in  the  main  system. 

The  first  stage  in  the  con\ersion  would  be  that  between 
the  re-numbering  of  the  "  Inner  London  "  area  and 
the  opening  of  tlie  first  automatic  exchange  in  this 
area.  At  some  date  coinciding  with  the  issue  of  new 
directories,  all  order- wire  key  and  outgoing  junction 
multiple-marking,  etc.,  corresponding  to  "  Inner  London  " 
exchanges  would  be  changed  to  the  new  codes,  and 
advantage  might  be  taken  of  the  opportunity  to  effect 
any  minor  changes  of  subscribers'  numbers  in  order 
to  re-arrange  exchange  areas,  or  to  group  pri\ate  branch 
exchange  numbers,  etc.  The  change  of  subsciibers' 
numbers  would  in  tho  great  majority  of  cases  be  effected 
by    substituting    for    the  present  exchange  name  a  re- 


gional name  and  one  digit.  Thus,  "  Mayfair  8492  "  might 
become  "  Piccadilly  78492  "  ;  "  Avenue  9046  "  might 
become  "  Bank  19046  "  ;  "  Kensington  146  "  must 
have  the  place  of  the  second  figure  filled  in  uith  o, 
becoming  "  Victoria  80146." 

It  will  be  noticed  that  the  region  name  and  the 
additional  digit  indicate  the  exchange  to  which  the 
subscriber  is  connected. 

Thus  "  Maj'fair  "  is  indicated  by  "  Piccadilly  7  and  8." 
"  Avenue  "  is  indicated  by  "  Bank  i  and  2." 
"  Kensington  "  is  indicated  by  "  Victoria  8  and  9." 

At  the  time  decided  upon  for  renumbering,  these 
new  descriptions  would  be  substituted  for  the  existing 
exchange  codes  on  all  order-wire  key-tops,  outgoing 
junction  designation-labels,  etc.  A  subscriber  on 
"  Hop  "  who  wishes  to  be  connected  with  the  Une  of 
which  the  old  number  was  "  JIayfair  8492  "  will  ask 
for  "  Piccadilly  78492."  The  operator  wiU  depress 
the  order-wire  key  marked  "  P;,"  which  connects  her 
with  the  order-wire  to  the  Mayfair  exchange.  She  will 
be  assigned  and  will  plug  into  a  junction  in  a  group 
marked  in  a  similar  way.  The  order- wires  and  junc- 
tions marked  "  P*  "  lead  to  Paddington,  those  marked 
"  Pi  "  lead  to  Museum. 

There  may  be  cases  where  it  is  desirable  to  di\ide 
an  existing  exchange  area  between  two  or  more  areas, 
and  possibly  even  between  two  neighbouring  regions. 
We  have  assumed  that  it  is  desirable  to  follow  this 
course  in  the  case  of  Avenue  exchange.  At  the  ultimate, 
the  present  area  assumed  for  Avenue  is  estimated  to 
contain  33,100  lines.  For  the  sake  of  example,  let  us 
assume  that  part  of  the  Avenue  area  containing  13,100 
lines  will  form  part  of  the  "  East  "  region,  the  remaining 
20,000  hnes  remaining  in  the  "  Bank  "  region.  Then 
subscribers  in  the  part  to  be  transferred  should  be  given 
"  East  "  numbers,  although  they  remain  working  on 
the  Avenue  manual  exchange.  At  the  end  of  the 
transition  period,  the  number  of  lines  so  placed  would, 
assuming  proportional  de\elopment,  amount  to  about 
8,000  lines.  These  hues  would  be  allotted  the  prefix 
"  East  2."  The  digit  "  2  "  would  not  be  used  in  connec- 
tion wdth  any  of  the  other  exchanges  in  the  "  East  " 
region.  The  present  "  East  "  exchange  would  be 
reached  over  junctions,  etc.,  marked  "  Ei."  Other 
exchanges  in  the  "  East  "  region  are  "  Outer  London  " 
exchanges,  and  would  retain  their  present  names  and 
numbers  until  their  conversion  took  place.  The 
remaining  lines  in  the  western  half  of  the  Avenue  area 
amounting  to  20,000  at  the  ultimate  and  about  11,500 
at  the  end  of  the  transition  period,  would  be  given 
numbers  commencing  with  "  Bank  i  "  or  "  Bank  2." 
The  present  Avenue  exchange,  as  long  as  it  remains 
manual,  would  be  reached  therefore  by  order-wires 
and  junctions  marked  "  E2,"  and  also  by  those  marked 
"  B;."  For  example,  "Avenue  9046"  might  become 
"  Bank  19046,"  while  "  Avenue  9047  "  might  become 
"  East  29047."  The  operator  at,  say.  Hop  on  being 
asked  for  the  former  subscriber  would  depress  the 
order-wdre  key  marked  "  BJ  "  ;  if  asked  for  the  latter, 
she  would  choose  that  marked  "  E2."  Both  of  these 
would  lead  to  Avenue  exchange.  In  fact,  the  two 
keys  might  be  joined  up  to  the  same  order-wire,   and 
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the  one  proup  of  junctions  mipht  bear  both  markings 
and  he  nunibiTcd  consecutively  lliroughout  the  group. 
Fig.   14  illustrates  tliis. 

Similar  arrangements  may  Ih>  made  in  e\'ery  case 
where  the  new  region  boundaries  do  not  coincide  with 
the  old  exchange  area  boundaries.  All  that  is  necessary 
is  to  see  that  a  separate  digit  is  aN-ailable  for  use  as 
.'1  rrofix  to  the  numbers  of  those  lines  which  are  to  be 
•.:    '^(erred. 

Tl  ;ions  given  above  will  serve  to  show  how 

the  ■.  ;  the  existing  manual  sj-stem  would  con- 

tin-c  duiing  the  period  after  the  re-numbering.  The 
ni-\t  stage  would  Iw  that  of  the  gradual  conversion 
of  the  plant,  which  might  commence  as  soon  as  the 
subscribers  and  stafT  had  become  familiar  with  the  new 
numbering.  Conversion  would  proceed  in  the  order 
defined  by  the  need  for  replacement  of  worn-out  equip- 
ment, demand  for  increased  accommodation,  and  other 
factors.  In  some  cases,  existing  equipments  might 
be  replaced  by  new  automatic  plant  in  the  same  build- 
ir.L--  in  others,  new  buildings  might  be  erected  to 
I'c  .  ive  it.  new  exchange  areas  being  formed  out  of 
several  old  areas.  In  fact,  all  the  construction  and 
reconstruction  work  incidental  to  the  growth  and 
renewal  of  a  telephone  plant  could  proceed  as  usual, 
with  the  exception  that  the  exchange  plant  installed 
would  be  of  the  automatic  type. 

The  system  during  this  stage  would  comprise  : — 

(a)  "  Inner   I^ndon  "    exchanges    with    the    existing 

manual  plant. 

(b)  Existing  "  Inner  I.jondon  "  exchanges  converted 

to  autom.atic  working. 
{c)  New    "  Inner    London  "    excliangcs    built    with 
automatic   plant. 

All  the  above  would  be  working  with  the  new  numbering 

(d)  "  Outer   London  "   exchanges   with    the   existing 

manual  (ilant. 
(«)  "  Outer    I-ondon  "    exchanges    which    have    been 

convcrtc-d  to  automatic  working. 

As  tlie  conversion  progresses,  the  "  Inner  London  " 

area    would    gradually    become    completely    automatic. 

Tlic  majority  of  the  outer  exchanges  would   probably 

remam  manual  until  the  latter  stages  of  the  conversion, 

for  they  are  small  at   present    and   it  would   perhaps 

\k  economical  to  extend   them  and  even   renew  them 

ry   with    m.anual    plant    taken    from    the   I 

,     iiT  Ixndon  "  cquijimenls. 

llic    |iiobl<-m   of   the   second    stage   while   autom.itic 

and  manual  exchanges  exi.nl  side  by  side  is.  of  course, 

the  question  of  how  the  junction  traffic  is  to  be  han<lled. 

Mclhodt  oj  hatuUing  junction  traffic. — Calls  originated 

on  one  of  the  automatic  equipments  for  lines  connected 

•        ■'-    automatic   equipments    forming    part    of   the 

m  are.  of  course,  dealt  with  fully  autoinati- 

willi   the  ultimate  arrangrmenls. 

irniipmrnlt  not  yet  converted  need 

t  I  (or  their  completion, 

I  ly    of    iiihtalling    auto- 

inati'     swUMi-"    in    the    ninniial    exchange    and    mrlti- 

plpng    the    linca  ovci     both     manual    and    automatic 

•cctioiu.      lliui    plan    bos    ticcn    umxI    in    some    largo 


American  ss-stems,  but  it  is  scarcely  applicable  in  London, 
at  any  rate  in  the  early  stages  of  the  conversion  when 
the  manual  exchanges  are  much  more  numerous  than 
the  new  automatic  exchanges. 

The  introduction  of  the  automatic  numbering  scheme 
in  the  existing  exchanges  jiermits  the  use  of  the  dial 
in  calling  lines  on  distant  manual  equipments,  the 
required  number  appearing  on  lamp  signals  in  front 
of  the  distant  "  B  "  operator.  This  method  was 
illustrated  by  Mr.  McBerty  on  the  model  shown  by 
him  in  connection  with  liis  paper  on  "  Machine-switching 
Telephone  Gear  "  *  and  named  by  him  the  "  carriage- 
call  "  system.  This  name  conveys  very  little  to 
British  minds,  since  we  are  not  familiar  with  this 
system  of  calling  carriages.  We  shall  allude  to  it 
therefore  throughout  this  paper  as  the  "  intimator " 
system.  All  calls  originated  by  subscribers  on  auto- 
matic equipments  for  hnes  on  the  re-numbered  "  Inner 
London  "  exchanges,  would  be  dealt  with  by  "  intimator." 

The  automatic  subscriljcrs  would  be  instructed  that 
when  .the  exchange  name  of  the  required  line  is  not 
one  of  those  appearing  on  the  dial,  he  should  dial  "  O  " 
for  the  operator.  This  would  be  the  case  on  "  Outer 
London  "  calls  only.  Dialling  "  O  "  would  extend 
his  line  to  an  "  A  "  operator  at  an  outgoing  junction 
switchboard  preferably,  but  not  necessarily,  in  the  same 
building  as  the  automatic  equipment.  Tliis  operator 
would  inquire  the  number  wanted  and  the  number 
of  the  subscriber  calling,  and  complete  the  connection, 
in  the  same  way  as  at  present,  recording  it  on  a  ticket 
so  that  the  junction  fee  might  be  charged.  Many 
such  calls  are  completed  over  junction  centres.  Should 
an  exchange  now  serving  as  a  junction  centre  for  this 
traffic  be  converted  to  the  automatic  system,  the  manual 
board  used  for  its  manually-ojjerated  outgoing  traffic 
would  be  available  to  continue  the  work  of  the  junction 
centre. 

For  the  incoming  traffic  to  the  automatic  exchanges 
from  manual  equipments,  three  methods  are  available  :  — 

(i)  The  manual  operators  might  be  provided  with 
dials  or  with  key-contnilled  impulse  senders.  Dialling 
would  impose  much  too  great  a  load  on  the  operators, 
particularly  towards  the  end  of  the  transition  period 
when  nearly  every  call  would  be  to  an  automatic  ex- 
change. 

(ii)  Semi-automatic  ]xisitions  might  be  installed  in 
connection  with  the  junctions  incoming  to  the  auto- 
matic exchanges  from  manual  exchanges. 

(iii)  Manual  "B"  positions  over  which  Ihi-  sub- 
scrilx-rs'  lines  arc  iniiltiplcd  might  be  installed  in  the 
automatic  exchanges. 

On  the  whole,  the  balance  of  advantages  seems 
to  be  in  favour  of  (iii)  for  the  following  reasons. 
The  semi-automatic  "  B  "  operator,  assigning  junctions 
over  an  order-wire  and  setting  up  the  numbers 
required  on  krym,  can  carry  a  load  very  little,  if 
any,  greater  than  the  manual  "  B  "  o]X'rator  who 
completes  the  connet  tion  by  plugging  into  a  jack, 
provided  that  the  cord  circuits  are  arrange<l  for 
automatic  (i.e.  kcylass)  ringing.  The  former  mellioil 
requires  the  provision  of  new  eqiiipnient,  desk- 
shaped    positions,     key    sets,    impulse    senders,     new 
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junction-circuit  equipment,  etc.,  and  each  call  engages 
a  series  of  switches  through  the  automatic  equipment. 
The  equipment  for  the  latter  method  is  ready  to  hand 
in  the  shape  of  the  existing  "  B  "  positions  with  their 
multiple  and  cord  circuits,  which  would  be  suitable 
with  very  slight  modifications  for  the  new  service. 
In  some  cases  it  might  not  be  necessary  even  to  move 
them.  The  calls  are  completed  direct,  so  that  for 
some  time  the  full  complement  of  switches  would  not 
need  to  be  pro\'ided  on  the  automatic  equipments. 
Seeing  that  as  the  conversion  proceeds  more  and  more 
of  the  incoming  traffic  would  be  completed  automati- 
cally, the  equipment  pro\"ided  for  dealing  with  it  manually 
would  be  in  use  for  a  comparatively  short  time.  It 
is  preferable  therefore,  from  the  economical  standpoint, 
to  use  the  displaced  manual  sections  rather  than  to 
purchase  new  semi-automatic  plant. 

"  Outer  London  "  exchanges  remaining  manual  would 
obtain  connections  on  automatic  exchanges  either  via 
junction  centres  or  by  direct  fines  to  the  "  B  "  switch- 
boards just  as  they  do  at  present. 

Outljring  exchanges  converted  to  automatic,  and  not 
forming  part  of  the  united  automatic  system,  might 
obtain  and  receive  aU  junction  connections  over  manual 
positions  just  as  Epsom  does  now.  Suitably  situated 
exchanges  which  will  ultimately  have  first  selectors 
with  direct  junctions  into  each  region,  might  be  given 
the  ultimate  numbers  at  the  time  of  their  con%-ersion. 
Their  subscribers  could  then  dial  lines  on  converted 
"  Inner  London  "  exchanges  direct,  but  as  their  traffic 
would  scarcely  warrant  intimators  at  each  exchange 
remaining  manual,  they  would  need  to  call  in  an  operator 
for  other  calls.  This  would  entail  modifications  in 
the  subscribers'  instructions  from  time  to  rime  as  the 
distant  exchanges  were  converted.  On  the  whole, 
therefore,  it  would  probably  be  more  convenient  for 
all  junction  traffic  to  and  from  converted  "  Outer 
London  "  exchanges  to  be  dealt  with  manually  untU 
the  main  network  of  the  automatic  sj-stem  is  extended 
to  them,  especially  as  the  manual  plant  recovered  from 
other  exchanges  is  available  for  this  purpose.  L'ntil 
they  are  linked  up  to  the  main  system,  such  exchanges 
would  retain  their  present  names  and  practically  their 
present  numbering.  The  dials  would  carry  no  region 
names  and  the  subscriber  would  be  instructed  that 
he  could  obtain  all  fines  on  his  own  exchange  with  the 
dial,  but  for  aU  other  exchanges  he  must  call  in  the 
operator.  This  suits  the  present  tariffs,  for  junction 
fees  are  charged  to  an  "  Outer  London  "  subscriber  for 
calls  to  all  exchanges  other  than  his  own. 

Trunk  calls  during  the  transition  period  would  be 
handed  in  over  the  "  A  "  positions  and  would  be  com- 
pleted over  the  manual  "  B  "  positions.  In  the  ulti- 
mate arrangement,  record  operators  in  the  trunk  ex- 
change itself  might  be  reached  by  diaUing  the  number 
assigned  for  this  purpose,  and  the  connection  might  be 
set  up  over  the  automatic  exchange  system  from  dials 
or  key-controlled  impulse  senders  on  the  trunk  positions. 

Conversion  of  a  typical  exchange  in  the  "  Inner  London  " 
area. — In  order  to  illustrate  the  above  discussion  of 
the  transition  period,  let  us  consider  in  greater  detail 
the  application  of  the  proposals  outfined  to  the  con- 
version of   typical  exchanges.      Assume  that   we   have 


reached  the  time  when  Holborn  exchange  is  about  to 
be  converted  and  that  an  automatic  equipment  is  in 
process  of  installation  in  a  new  building. 

Holborn,  we  assume,  is  a  case  similar  to  that 
shown  in  Fig.  14  for  Avenue.  A  part  of  its  exchange 
area  is  eventually  to  be  included  in  the  "  North  " 
region.  The  fines  in  this  part  have  been  re-numbered 
with  "  North  "  numbers  by  prefijicing,  say,  "  North  2  " 
to  their  existing  numbers.  The  numbers  of  the  Unes 
in  the  remaining  part  of  the  area  have  been  prefixed 
with  "  City  6,"  for  this  part  is  to  be  included  in  the 
"  City  "  region.  The  fines  retain  their  present  positions 
in  the  multiple  and  no  special  marking  is  required. 
The  existing  order- wire  key-tops  and  outgoing  junction 
designation  labels  throughout  the  London  system 
have  been  replaced  by  those  bearing  the  new  codes. 
Order- wire  keys  and  junctions  marked  "  N2  "  and 
also  those  marked  "  C6  "  both  lead  to  Holborn  exchange. 
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Fig.   14. — Sketch  showing  re-numbering  of  an  area 
which  is  di\'ided  between  two  regions. 


On  the  "  B  "  switchboard  at  the  incoming  junction 
positions  corresponding  to  other  exchanges  which  are 
already  working  on  the  automatic  sj'Stem,  intimators 
have  been  installed.  Subscribers  on  these  exchanges 
call  for  Holborn  numbers  by  diaUing,  say,  "  North 
2  8967  "  or  "  City'6  8968."  These  two  fines,  of  course, 
occupj'  neighbouring  jacks  on  the  Holborn  multiple. 
In  both  cases  the  call  is  extended  over  a  j  unction  termin- 
ating on  an  intimator  position  in  Holborn  exchange. 
This  might  be  accompfished  by  multipfing  these 
junctions  in  the  automatic  exchanges  over  the  second 
selector  level  corresponding  to  "  North  2  "  as  well  as 
that  corresponding  to  "  City  6."  Since  the  impulses 
corresponding  to  the  region  name  and  those  correspond- 
ing to  the  prefixing  digit  are  taken  up  in  the  automatic 
exchange  itself,  only  the  remainder  of  the  number 
appears  on  the  intimator.  This,  of  course,  is  the 
Holborn  subscriber's  old  number  and  corresponds  to 
the  position  of  his  jack  in  the  multiple. 

In  connection  with  the  new  automatic  equipment, 
a  "  B  switchboard  "  has  been  erected,  using  sections 
and  equipment  recovered  from  other  exchanges,  with 
sufficient  positions  for  the  incoming  junctions  from 
exchanges  remaining  manual  at  the  date  of  the  operung. 
After  the  transfer,  calls  from  these  exchanges  for  "  City 
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6  "  or  "  North  2  "  subscribers  arc  telephoned  over 
the  order-wires  to  these  p<Jsitions  by  the  "  A  "  operators 
in  the  manual  exchanges,  who  pass  the  call  as  "  8967  " 
or  "  8968  "  only.  The  "  B  "  operator  in  the  automatic 
exchange  thus  completes  it  as  in  the  manu.1l  exchange 
practice.  There  is  no  need  (or  her  to  be  troubled 
with  the  prefixes  ;  these  are  omitted  by  the  "  A  " 
operator.  The  "  A  "  operator  might  be  instructed 
to  make  a  sUght  pa»ise  after  the  prefix,  e.g.  "  City  6 — 
8<X>8  "  when  repeating  the  n\inibcr  to  the  calling  sub- 
scrilier,  so  dividing  it  into  the  part  to  be  looked  f<ir 
on  the  junction  multiple  and  the  part  to  be  spoken 
o\'er  the  order-wire. 

Calls  from  automatic  exchanges  after  the  transfer 
reach  third  selectors  in  the  new  automatic  exchange. 
The  subscribers  originating  them  dial  "  City  68g68  " 
or  "  North  28967  "  just  as  they  did  before  the  transfer, 
and  the  trains  of  impulses  following  "  City  0  "  or 
■■  North  2,"  instead  of  controlling  the  intimator,  direct 
the  third,  fourth,  and  final  selectors  in  the  new  auto- 
matic equipment  to  the  required  hnc. 

As  far  as  the  subscribers  on  other  exchanges,  whether 
manual  or  automatic,  are  concerned,  the  transfer  makes 
no  difference.  They  obtain  their  connections  with 
Holbom  lines  by  the  use  of  the  same  numbers  and  in 
the  same  way  as  when  the  Holbom  equipment  was 
manual. 

A  subscriber  in  Hollxirn  exchange  itself  will  be 
provided  with  a  dial  at  the  time  of  the  transfer.  He 
is  instructed  that  all  numbers  commencing  with  a  name 
which  appears  on  the  dial  can  be  dialled  by  him.  For 
all  other  connections  he  must  dial  the  operator.  Calls 
for  other  automatic  exchanges  in  the  "  Inner  "  area 
are  thus  completed  wholly  over  automatic  switches. 
Calls  for  re-numbered  manual  exchanges  app)ear  on 
mtimators  on  "  B  "  positions  in  the  manual  exchange 
required.  Calls  for  "  Outer  London  "  exchanges  arc 
completed  by  an  "  A  "  operator  at  the  outgoing  junction 
board  in  the  new  automatic  exchange. 

At  the  time  of  the  transfer,  wc  may  assume  Holborn 
lias  about  8,000  lines,  of  which  half  fall  in  the  "  North  " 
region  and  half  in  the  "  City  "  region.  At  the  transfer 
wc  assume  all  these  lines  are  brought  on  to  the  new 
Holborn  automatic  equipment  and  are  reached  over 
the  same  junction  groups,  whether  their  numbers  arc 
j  Aith  "City  6"  or  "  North   2,"  for  the  levels 

I  iing  to  these  prefixes  are  mullipled  together. 

At  till-  transfer,  therefore,  Holborn  exchange  contains 
only  one  10,000  group,  having  third,  fourth,  and  fmal 
»elcctor«  common  to  both  "  City  6  "  and  "  North  2  " 
lines.  When  "  North  "  exchange  is  made  automatic, 
the-  lines  which  arc  to  be  transferred  to  the  "  North  " 
r'-gi"n  may  bo  diverted  to  the  new  exchange;  the 
)un(.ti'iii.%  Uom  the  level  in  other  exchanges  corre- 
k  'h   2"  would  now  be  taken  to  third 

■  '■'  "  exchange,    those  from  the  level 

I'p  ■  City  '«  "  remain  connected  to  the 
'  111   Ilullmrn  excliange. 

Mi'nili)    the    number    of    lines    on    Holborn    inrrca.sc 

1-  .1  I  il.'-ciii>acHy  of  the  10,000  group  l>efure  "  North  " 

IS  ajnverte<lj   a    10,000  group  corresponding 

»•■       .■■■lili  2"  could  be  opened  in  Holborn  exchange, 

and  the  junctions  from  level  "  North  2  *'  in  other  ex- 


changes separated  from  those  from  level  "  City  6  " 
and  connectetl  to  the  third  selectors  of  the  new  group. 
Lines  with  numbers  commencing  with  "  North  2  " 
would  then  be  cross-connected  to  final  selectors  in 
this  new  group,  which  would  really  form  jjart  of  the 
switching  equipment  of  the  "  North  "  region  erected 
and  working  in  an  exchange  in  the  "  City  "  region. 

A  case  in  which  an  existing  exchange  area  is  to  be 
divide<l  l)otwcen  two  regions  has  been  de.scribed  above. 
The  arrangements  in  the  simpler  case  in  which  it  is 
compri.sed  wholly  within  the  one  region  will  be  easily 
followed.  Our  object  in  choosing  the  more  compli- 
cated case  is  to  investigate  the  problems  which  arise 
in  it  and  to  see  whether  the  automatic  system  wll 
prove  flexible  enough  to  enable  us  to  deal  with  a  case 
of  this  description  without  serious  difficulty.  Of 
course,  it  would  be  a  simple  matter  to  assign  all  sub- 
scribers in  Holbom  the  prefix  "  City  6  "  and,  on  dividing 
the  area  when  North  exchange  is  converted,  to  change 
this  prefix  to  "  North  2."  This  is  what  would  hapjien 
with  the  manual  sj-stem  on  the  occasion  of  a  change 
of  exchange  areas.  Wc  have  seen,  however,  that 
with  the  automatic  system,  if  such  matters  are  given 
consideration  when  applying  the  numbering  scheme, 
the  change  is  easily  arranged  for  without  further  re- 
numbering. In  fact,  it  can  be  made  without  either 
the  subscribers  affected  or  their  correspondents  being 
in  any  way  aware  of  it. 

This  probably  cannot  be  effected  in  cases  where  a 
new  automatic  exchange  area  is  to  be  built  up  of  portions 
of  more  than  two  or  three  existing  exchange  areas, 
because  it  is  necessary  to  employ  separate  prefixes 
for  the  lines  in  each  portion  of  each  exchange  area 
concerned,  in  order  that  the  junctions  over  which 
they  are  reached  may  be  separated  at  the  time  of  the 
transfer.  In  such  cases  the  distinction  could  be  made 
for  the  two  largest  batches  of  lines,  and  the  numbers 
of  others  changed  a  second  time  at  the  transfer. 

Conversion  of  typical  exchange  in  "  Outer  London  " 
area. — Generally  sp)eaking,  as  mentioned  on  page  184, 
the  conversion  of  the  "  Outer  London  "  exchanges 
would  follow  after  that  of  the  "  Inner  London  "  ex- 
changes is  completed.  There  might  be  cases,  however, 
where  the  inst<illation  of  automatic  equipment  prior 
to  this  date  is  desirable.  Let  us  supjwse  Kedhill  is 
such  a  case.  As  outlined  on  page  185,  it  would  retain 
its  present  name  and  form  a  separate  centre,  obtaining 
its  conncctitins  with  other  exchanges  over  a  manual 
board  just  as  I-'psom  does.  Ultimately,  we  may  a.ssumc 
Rcdhill  is  to  form  a  sub-exchange  on  Purlcy  and  that 
it  will  be  equipped  with  concentrating  switches  and 
fourth  and  final  selectors  only.  It  might  well,  therefore, 
be  arranged  in  the  first  instance  on  the  three-figure 
sj'stem  with  relay  rejx-aters,  using  the  ultimate  fourth 
selectors  as  first  selectors.  When  the  time  came  for  it 
to  be  included  in  the  main  system,  the  links  from  its 
relay  repeaten;  would  Ikioihc  junctions  to  first  selectors 
at  I'urlry,  and  its  first  selitti>rs  would  IxMTome  fourth 
selectors  and  l>e  connected  to  the  junctions  from  the 
third  .selector  levels  in  Purlcy. 

r'ltiat  tiaget  0/  the  cnmerston. — As  a  further  example 
let  us  assume  that  the  "  Inner  area  "  is  completely 
converted,    that,    say,     Sutton    and     Kichmond     havo 
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already  been  converted,  and  that  Croydon  is  about  to 
be  converted.      Since  all  the  "  Inner  London  "  exchanges 
are    converted,    Croydon    can    obtain    its    connections 
with  all  "  Inner  London  "  subscribers  by  dialling,   as 
sho%vn  in  Fig.  9.      Its  own  subscribers  might  be  reached 
from    all    "  Inner    London  "    exchanges    similarly    (see 
Fig.    12).      To   enable   this   to   be   done,    the   Croydon 
subscribers  must  be  given  the  full  automatic  numbers 
at    the    time    of    the    transfer.      Croydon    subscribers 
can   reach   lines   on   the   converted   exchanges,    Sutton 
and   Richmond,   with  the   dial,   since   these   exchanges 
being  similar  to   Croydon  have  also  received  the  full 
numbers.      There    remain   to   be   considered   the   calls 
to    and    from    exchanges    remaining    manual    and    the 
isolated  automatic  equipments  like  RedhiU,  in  "  South  " 
and   the   other   "  Outer   London  "   regions.      Since  the 
lines  on  these  exchanges  retain  their  old  exchange  names, 
the  Croydon  subscriber  cannot  dial  them  and,  following 
the   standard   instruction,    calls   in   an    "  A "    operator 
who  completes  these  calls  for  him.      At  this  late  stage 
in  the  conversion  the  provision  of  a  "  B  "  switchboard 
with  a  subscriber's  multiple  in  Croydon  to  handle  the 
calls  incoming  from  the  remaining  manual   equipment 
would  not  be  warranted.      It  would  probably  be  more 
economical  to  provide  junction  positions  equipped  with 
dials  to   enable  these   calls  to  be  completed  o\er  the 
switches.      An  alternative  scheme  would  be  to  furnish 
the    "  A "    operators    on    the    remaining    outlying    ex- 
changes with  dials   and  junctions  terminating  in   first 
selectors  in  the  nearest  automatic  exchange  in  which 
first   selectors    are  equipped.      They  could  then  set  up 
aU  connections  with  converted  exchanges  without  the 
help  of  "  B  "  operators.      If  at  this  point  the  ultimate 
arrangements  for  completing  trunk  calls  (see  page  185) 
were  adopted,  the  "  B  "  switchboards  in  the  automatic 
exchanges  would  no  longer  be  required  and  could  be 
finally  recovered.     Further,  if  at  this  stage  each  of  the 
remaining    manual    exchanges    were    assigned   a    code 
consisting  of  the  region  name  and  two  or  more  digits, 
the  "  A  "  operators  could  make  use  of  the  automatic 
system    in    completing    "  cross-London  "    connections, 
so   that  the  need   for   manual  junction  centres   would 
disappear.      In   completing   a   caU,   for   example,    from 
Waltham  Cross  to  Reigate,  assuming  both  these  equip- 
ments were  still  manual,  the  operator  in  Waltham  Cross 
might  by  dialling  "  South  86  "  on  a  junction  to  Enfield, 
which  we  assume  is  automatic,  operate  a  first  selector 
in  the  latter  exchange,  a  second  selector  in  Battersea, 
and  a  third  selector  in  Purley,  ag.d  cause  a  calling  signal 
to  appear  on  a  junction  position  in  Reigate. 

Concluding  Rem.\rks. 

The  authors  think  that  the  facts  put  forward  in 
this  re\'iew  are  sufficient  to  demonstrate  that  the 
changes  that  have  already  taken  place  and  are 
now  in  progress  among  the  telephone-using  pubUc  and 
in  the  labour  and  manufacturing  worlds,  are  such  as 
to  demand  considerable  advances  in  tj'pes  of  plant  and 
methods,  if  improvements  in  the  ser\'ice  and  provision 
against  increased  expenses  are  to  be  made  in  the  future. 

It  is  appzirent  that  little  more  than  the  present 
standard    of   service   is   to    be    expected    from   manual 


switchboards,  and  the  expenses  attending  this  type  of 
equipme'nt  are  likely  continually  to  increase.  Further, 
it  is  doubtful  if  this  type  can  fulfil  the  ultimate  demands 
of  the  service  in  large  cities. 

The  introduction  of  mechanical  operation  offers 
striking  improvements  in  serv-ice  and  a  means  of  reducing 
those  items  of  expense  which  show  the  strongest  ten- 
dencies to  increase,  namely,  administrati\'e  and  operating 
charges  and  rent  and  other  building  costs. 

There  is  now  sufficient  experience  to  show  that  we 
ma}^  vvath  confidence,  avail  ourselves  of  the  effect  of 
the  much  speedier  service  and  greater  economj^  of 
the  "full  automatic  "  system  ;  a  half-way  step  in  the 
shape  of  recourse  to  the  semi-automatic  system  for  the 
transition  period  is  not  warranted.  For  the  ultimate 
conditions,  this  system  is  certamly  undesirable,  since 
it  retains  the  monotony  of  operating  and  many  other 
disadvantages  of  the  manual  system  in  an  accentuated 
form. 

While  full  automatic  operation  is  to  be  preferred 
for  the  great  bulk  of  the  traffic,  the  authors  are  not 
suggesting  in  any  way  the  total  elimination  of  the 
operator.  Trunk  and  private  branch  exchange  switch- 
boards will  still  require  human  intelligence  in  their 
operation.  These  classes  of  operating  require  the 
exercise  of  a  higher  form  of  inteUigence,  and  are  not 
monotonous.  The  inter-departmental  calls  on  private 
switchboards,  however,  are  decidedly  of  a  nature 
calUng  for  automatic  methods  of  working. 

With  reference  to  tariffs,  a  proposal  has  been  put 
forward  for  a  "  unit  of  telephone  service  "  which  should 
help  to  eliminate  the  undesirable  features  of  the  present 
rates  and  to  reduce  the  amount  of  clerical  labour  in- 
volved. It  places  the  charge  for  telephone  service 
on  a  similar  basis  to  that  for  electric  light,  and  so  would 
be  readily  grasped  by  the  pubUc.  It  is  scientifically 
sound,  and  also  offers  opportunities  for  greatly  increas- 
ing the  revenue-earning  efficiency  of  the  plant  during 
slack  hours.  Further,  it  enables  us  to  make  very 
readily  those  readjustments  of  the  tariff  which  the 
mechanical  system  appears  to  demand,  notably  the 
introduction  of  the  time  element. 

As  to  the  time  of  the  introduction  of  the  automatic 
system,  the  immediate  future  is  undoubtedly  the  most 
favourable,  offering  an  opportunity  which  will  not  occur 
again.  On  account  of  the  war,  not  only  are  the  amount 
of  plant  and  the  number  of  subscribers  affected  less 
than  they  will  ever  be  in  the  future,  but  the  depreciation 
account  is  in  a  better  position  to  stand  the  heav'y  re- 
placement charges  than  it  would  be  in  normal  times. 
An  attempt  has  been  made  to  show  by  a  study  of 
the  London  area  that  there  are  no  fundamental  diffi- 
culties to  be  expected  in  the  appHcation  of  automatic 
systems  to  large  cities,  either  in  the  ultimate  arrange- 
ments or  during  the  transition  period.  London  is 
one  of  the  most  extensive  and  complex  telephone 
systems  in  the  world,  and  the  authors  think,  there- 
fore, that  there  should  certainly  be  no  difficulty  in 
dealing  with  simpler  cases. 

The  authors  do  not  wish  it  to  be  thought  that  they 
have  attempted  to  say  in  any  way  how  the  case  of 
London  ought  to  be  treated.  They  have  merely  used 
it  as  an  example  in  which  they  were  likely  to  find  in  their 
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most  pronounced  form  all  the  difficulties  that  might 
arise  in  dealing  with  large  cities  on  the  automatic 
s>'stein.  The  actual  conversion  of  the  London  s\-stem 
is  of  course  a  matter  entirely  fur  tlie  administration 
and  its  stall.  ■ 

In  conclusion,  the  authors  trust  tliat  tliis  paper  will 
not  altogether  fail  to  draw  attention  to,  and  stimulate 
discussion  of,  the  effects  on  the  pro\ision  of  telephone 
service  of  the  recent  serious  clianges  in  many  factors. 

The  .   is  not  mcrel>'  a  matter  of  the  design 

and     >■  ition    of    i-quipment.      It    is,    as    IMr. 

Kingsbuiy  l^ts  pointed  out,*  "  a  complex  engineering 
problem  mixed  up  with  a  complex  social  problem," 
in\'ol\-ing  economical  and  social  factors  equally  as 
important  as,  if  not  more  so  than,  its  technical  aspect, 

•  Jotimal  I.E.E.,  1911.  voL  47,  p.  (xa. 


I  The  effect  of  these  factors  alone  on  the  trend  of  events 
is  certain  to  result  in  changes  in  methods  and  equipment, 
and  he  who  ignores  these  factors  must  find  liimself 
in  a  short  time  swept  off  liis  feet  by  the  full  tide  of 
public  opinion. 

The  authors  hope,  therefore,  that  tliis  paper  may,  to 
some  slight  extent,  assist  in  securing  the  extension  of 
British  telephone  systems  on  modem  and  efficient  hues, 
in  keeping  with  the  changed  conditions  of  the  times, 
so  that  our  large  cities  may  at  least  be  abreast,  if  not 
in  advance,  of  those  in  other  countries.  For  the  facts 
here  brought  forvvard  are  becoming  uni\ersally  apjire- 
ciated,  and  there  is  no  doubt  in  the  authors'  minds  that 
all  the  large  cities  of  the  world,  including  c\'en  New 
York,  will  in  tlie  course  of  a  few  years  be  equipped  with 
the  automatic  svstem. 


Discussion  before  The  Institution,  15  Mav,  1919. 


Sir  William  Slingo  :  It  is  very  remarkable  that 
only  in  H(i2  the  first  experimental  automatic  exchange 
was  opened  in  this  country,  and  if  we  deduct  the  period 
of  the  war,  during  which  there  was  really  no  progress 
made  but  rather  a  retardation,  the  fact  that  we  have 
some  14  of  these  exchanges  now  working  shows  that 
we  have  tackled  the  problem  with  a  certain  amount 
of  earnestness.  The  problem  is  verj'  difficult,  and  I 
fancy  that  the  authors  have  purposely  placed  on  one 
side,  I  will  not  say  ignored,  one  of  the  first  difficulties 
that  we  must  encounter,  namely,  that  in  any  apphcation 
of  the  automatic  system  we  must  employ  the  same 
s>'Stem  throughout  an  area.  Now  London  is  a  big 
area  ;  there  are  at  the  present  time  71  exchanges  and 
there  are  three  firms  who  are  capable  of  manufacturing 
automatic  apparatus  on  a  large  scale.  Under  the 
present  system  whichever  one  of  those  firms  obtained 
the  contract  for  the  first  exchange  would  have  almost 
a  prescriptive  right  to  all  the  rest.  I  think  it  will  be 
conceded  that  it  is  of  the  first  essence  that  we  must 
either  standardize  or  unify  our  system,  or,  alternatively, 
aa  consumers  we  must  come  to  some  arrangement  with 
the  manufacturers,  so  that  when  we  liave  opened  our 
first  exchange  and  paid  the  price,  we  do  not  pay  on 
an  upward  sUdmg  scale  for  the  successive  ones.  There 
are  ways  out  of  this  difficulty,  by  combination,  and  by 
(air  dealing,  in  which  we  could  employ,  if  need  be,  all 
three  contractors  upfin  different  parts  of  the  equipment. 
Tliat  18  one  of  the  problems  which  remains  to  Ix;  solved. 
So  far  as  the  pnnciple,  or  rather  the  apphcation  of 
automatic  working  is  concerned,  I  may  say  that  the 
'<n<-  great  thing  which  I  wanted  to  do,  in  order  to  bring 
a  really  large  town  into  our  purview,  was  to  get  a  five- 
figure  exchange  opened  and  working.  Such  a  five- 
bgurc  exchange  was  opened  just  12  months  ago  in  Leeds, 
and  nijicc  then  it  has  given  very  great  satisfaction. 
If  a  five-figure  exchange  can  give  s<'itisf<ictiiin,  why 
not  a  SIX  ?  And  when  wc  get  to  six,  we  can  work 
ly.nd'iii  the  line  of  r&isoning  wlin  h,   not- 

wilh>it.tTi'!  r.  induced  us  to  press  forward  the 

w  •  It  to  (niition.     So  far  as  the 

f"  i»c  is  concerned,  there  is  one 

little  |«nnt   upon   wlucli   I   think   I   must  ctcms  swords 


with  the  authors,  namely,  that  the  life  of  the  manual 
plant  must  be  shortened  in  order  to  get  an  increased 
depreciation  account  to  pay  into  the  automatic.  It 
seems  to  me  that  is  the  wrong  line  of  reasoning.  How- 
ever much  one  may  want  to  favour  the  automatic,  it 
is  not  quite  the  thing  to  turn  down  the  item  which  it 
is  superseding,  or  to  kill  it  before  it  is  dead.  What 
I  mean  is  this,  that  if  we  wilfully  murder  the  manual, 
shorten  its  life,  then  the  loss  that  we  get  on  that  account 
must  be  debited  against  the  automatic.  If  we  do  not 
do  so,  someone  else  certainly  will.  The  automatic, 
if  it  is  going  to  justify  itself — and  I  am  certain  that  it 
will — must  take  account  of  all  costs  that  are  incidental 
to  its  adoption.  That  an  automatic  will  wx)rk,  can 
work,  and  does  work,  is  beyond  doubt.  The  one  great 
problem  is  to  satisfy  the  holders  of  the  purse-stnngs 
that  it  is  a  profitable  undertaking.  Although  the 
capital  cost  is  probably  some  40  to  60  per  cent  liigher 
in  the  case  of  the  automatic  than  with  the  manual, 
I  am  satisfied  that  the  annual  cost  of  an  automatic 
is  less  than  the  annual  cost  of  the  manual,  mainly  on 
account  of  the  labour  bill  and  the  smaller  premises 
required.  But  since  operators'  wages  have  risen  so 
liigh,  never  to  come  back  to  their  old  level,  there  can 
be  no  question  that  the  automatic  system  will  justify 
its  installation.  I  am  very  glad  we  are  in  front  of 
New  York  in  that  respect.  They  have  not  yet  got 
as  far  as  wo  have,  but  they  have  reached  this  stage  : 
they  arc  satisfied  that  under  present  conditions  the 
automatic  is  the  proper  linancial  proixjsilion. 

Mr.  J.  E.  Kiiinsbury  :  Sir  WiUi.^iu  Slingo  expressed 
some  anxiety  as  to  ciTlaiii  possible  difiiciilties  if  the 
automatic  system  were  to  be  adopted  for  the  pur|X)se 
the  authors  suggest,  but  I  doubt  if  Sir  William's 
anxiety  on  that  score  is  justified.  W'e  may  be  sure 
that  the  Post  Office  will  be  well  able  to  take  care  of 
themselves  if  the  automatic  system  becomes  a  practical 
prop<JSilion.  There  is  one  point  in  the  paper  to  which 
I  particularly  wish  to  refer.  The  authors  say  that  this 
is  a  suggestion  put  forward  for  discussion  :  they  disclaim 
any  intention  of  rcg.inling  it  as  a  finished  scheme  for 
Ix)ndon.  I  w.ant  to  associate  inysell  with  the  authors 
in    those   rcnvirks.     I    look    upon    the   change   as   one 
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which,  if  and  when  it  is  made,  must  be  made  with 
the  very  greatest  consideration  because  the  Adminis- 
tration has  an  immense  responsibility  in  re-arranging 
the  telephone  system  of  any  large  area,  and  particularly 
of  London.  Now,  on  the  subject  matter  of  the  paper 
there  are  two  points  to  consider — the  telephone  area 
and  the  method  of  working  it.  The  first  thing  I  should 
question  would  be  the  area.  Why,  in  any  re-organization, 
should  we  maintain  an  area  which  never  was  intended 
as  a  telephone  area  at  all,  but  which  has  grown  from 
various  causes  into  what  is  now  regarded  as  the  London 
telephone  area  ?  Is  there  sufB.cient  justification  for 
providing  direct  communication  with  places  so  distant 
from  the  centre  as  Reigate  and  Waltham  Cross  ?  I 
do  not  know  how  far  any  modification  or  reduction 
of  that  area  might  faciUtate  the  carrying  out  of  a  scheme 
such  as  the  authors  suggest,  but  I  believe  it  would  be 
advisable  to  take  advantage  of  any  new  arrangement 
so  as  to  revise  the  area.  With  regard  to  the  method 
by  which  it  should  be  done,  or  in  other  words  the 
machinery  by  which  it  should  be  done.  Sir  William 
expressed  his  surprise  at  the  promptitude  with  which 
his  ideas  had  been  reahzed,  at  least  to  the  extent  of  the 
presentation  of  this  paper.  I  think  we  must  remind 
Sir  William  that  he  held  those  ideas  in  the  dim  and  dis- 
tant past  before  the  war.  No  matter  what  anybody's 
opinions  were  on  methods  of  telephone  switching,  there 
is  nobody  who  can  alter  the  facts  of  history,  that  all 
questions  of  labour  and  pay  and  conditions  are  totally 
different  to-day  from  what  they  were  five  years  ago. 
But  the  problem  is  now  as  then  mainly  a  question  of 
finance  ;  and  if  I  wished  to  criticize  the  paper  I  should 
say  that  the  authors  have  omitted  a  very  important 
feature  in  leaving  out  finance.  I  agree  they  cannot 
very  well  help  it.  To  prepare  the  necessary  estimates 
is  beyond  the  authors'  power  or  anybody  else's  at 
present,  but  it  will  have  to  be  done  before  the  decision 
is  made.  There  need  be  no  real  doubt  as  to  the  working 
of  an  automatic  system.  So  far  as  irregularity  in 
ser\'ice  is  concerned  we  may  remember  that  for  certain 
specific  work  machines  are  more  exact  than  humanity. 
Babbage  tells  us  that  he  set  about  the  invention  of 
his  calculating  engine  because  of  the  uncertainties  and 
unrehabiHty  of  human  calculators.  There  is  very  much 
in  common  between  Babbage's  calculating  engine  and 
an  automatic  telephone  S5'stem,  the  difference  being 
that  an  automatic  telephone  system  is  not  only  a  calcu- 
lating machine  but  is  also  a  transmitting  device  over 
a  very  long  distance.  Having  given  credit  to  the  well- 
constructed  machine  for  rehabiUty  in  the  work  it  is 
designed  to  do,  we  must  also  remember  that  it  cannot 
go  beyond  its  design.  It  is  effective  within  limits  and 
it  is  useless  to  expect  it  to  go  beyond  those  hmits 
This  is  a  further  reason  for  the  utmost  care  in  the  pre- 
paration of  designs  and  to  forecast  the  possible  de- 
velopments of  the  service.  There  is  just  one  point 
upon  which  I  must  find  fault  with  the  authors.  They 
suggest  that  the  prevalent  objection  to  exceeding  four 
figures  has  its  origin  in  the  fact  that  a  manual  exchange 
is  hmited  to  10,000  subscribers.  We  know  perfectly 
weU  that  one  of  the  methods  of  testing  the  inteUigence 
of  backward  races  is  to  see  how  far  they  can  count, 
and  if  we  want  to  test  the  intelligence  of  our  less  back- 


ward friends  we  may  see  how  many  figures  they  ran 
remember  after  a  brief  glance.  Why  do  the  County 
Council  hmit  the  numbers  of  motor  cars  to  four  figures  ? 
I  think  it  must  be  because  they  want  the  number  to 
be  accurately  remembered  after  quick  observation. 
Make  them  five  and  see  how  many  observations  would 
be  correct.  In  the  case  of  manual  operating  there  is 
no  question  about  it ;  the  four-figure  theory  is  not 
imagination  but  is  a  matter  of  soUd  fact.  Every  figure 
added  increases  the  risk  of  unreliabihty  in  repetition 
and  remembrance,  but  when  one  comes  to  automatic 
working  I  do  not  think  it  has  the  same  importance. 
Automatic  working  will  inevitably  require  a  more 
measured  operation,  and  we  shall  undoubtedly  take 
care  that  we  have  our  numbers  before  us.  So  that  on 
the  question  of  numbers  we  may  the  more  readily  give 
way  to  the  necessities  of  the  situation  whether  it  be  4,  5, 
or  6.  That  brings  me  to  this  point  :  that  however 
few  or  many  there  are  I  do  not  hke  any  of  them  to  be 
wasted.  The  authors  give  us  a  picture  of  the  south 
area.  It  will  be  realized  that  in  the  word  "  south  " 
we  have  the  equivalent  of  an  additional  figure.  The 
ultimate  hnes  for  Merstham  are  assumed  to  be  422, 
and  1,000  Unes  are  allowed.  What  will  happen  if  the 
number  of  subscribers  grows  beyond  the  allowance  ? 
\Vhy  should  we  not  have  an  exchange  selected  by  a 
figure  or  figures  and  then  start  afresh  for  the  individual 
hnes  in  that  exchange  ?  It  would  have  the  advantage 
for  the  transition  period  that  the  subscriber  would 
select  the  exchange  he  wants.  If  it  were  a  manual 
exchange  it  might  be  possible  to  arrange  that  his  auto- 
matic operation  put  him  into  connection  with  a  dis- 
engaged operator  at  that  local  exchange.  As  I  am 
not  an  automatic  expert  I  have  not  gone  into  details, 
but  I  should  hke  the  authors  to  indicate  whether  there 
are  any  insuperable  difficulties  in  obtaining  some 
method  which  would  avoid  the  allocation  of  any  given 
numbers  for  a  particular  area  which  may  or  may  not — 
probably  will  not  (in  some  cases  certainly  will  not) — 
provide  for  the  ultimate  requirements,  whilst  in  other 
cases  the  numbers  may  be  wasted.  Groups  of,  say, 
10,000  with  an  additional  number  for  each  group  would 
allow  for  the  natural  growth  of  each  district  without 
hmit. 

Colonel  C.  B.  Clay  :  There  is  no  mention  in  the  paper 
of  any  particular  firm  or  company,  and  I  think  that  is 
just  as  it  should  be,  but  it  is  a  httle  unkind  of  Sir  WiUiam 
Shngo  to  say  there  are  only  three  firms  who  could  deal 
with  the  manufacture  of  plant.  I  do  not  know  how 
many  men  Sir  Wilham  Slingo  wants  in  a  factory.  I 
can  control  a  factory  now  that  wiU  put  in  3,000,  and 
I  do  not  mind  doubhng  it  if  it  is  necessary. 

Colonel  Sir  A.  M.  Ogilvie  :  We  are  all  agreed  at 
the  present  time  as  to  the  good  results  which  have 
followed  from  automatic  exchange  work  in  this  country 
and  in  America  so  far  as  it  has  been  developed .  As  regards 
cost.  Sir  WiUiam  SUngo  has  told  us  that  it  has  "proved 
itself  in."  I  think  also  it  may  claim  the  advantage  of 
a  considerably  increased  efficiency.  It  has  wiped  out  the 
operator's  errors  ;  it  has  probably  not  increased  the 
number  of  line  and  apparatus  faults  ;  it  has  made 
the  caUing  subscribers'  errors,  perhaps,  a  httle  more 
than   they  were,    but   at   the   same   time,    seeing   that 
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they  are  his  own  errors  and   are  recopnized   as  such, 
they  do  not  alTcct  his  opinion  of  the  sorvicc  in  the  way 
that   his  errors  do  at  present.     At  the  same  time  the 
distant  siibscnbcr  is  made  answerable  by  the  system 
to  the  calhng  subscriber  for  the  faults  winch  he  commits  ; 
so,  on  the  whole,  the  system  undoubtedly  commends 
itself   to   the   public   in   a   very   marked    way.     These 
advantages  we  might  oxjxjct  to  be  continued  to  some 
extent  even  in  a  s\-stem  .is  large  as  that  required  for 
London,  but  there  is  no  doubt  that  even  if  we  could 
at  once  have  a  unif<inii  automatic  s\-stem  in  the  whole 
of    Londcm.    there    would    be    difliculties    which    have 
not  existe<l  in  the    case   of    those    automatic    svstems 
at  present  w<irking.     They  are  mainly  and  essentially 
single  exchange  systems.     The  paper  has  shown  us  the 
complexity  of  the  automatic  junction  s>-stem  required 
in  London,  and  there  can  be  ver>'  httle  doubt,  I  tliink, 
that  under  the  automatic  sj-stem  for  a  multi-exchange 
s>-stem  such  as  I>ondon  we  must  ha\'e  a  largely  increased 
expenditure  on  line  plant  fur  junction  lines  as  compared 
with    the    manual   system.     The   instance   the   authors 
give   in   which   an    Eshcr   subscriber   will   call   another 
Eshcr  suliscriberby  using  junction  lines  through  Kingston 
and  Wimbledon  is  rather  striking.     There  can  also  be 
httle  doubt  that  if  we  are  confined  to  groups  of   lo 
junctions   we   shall   have  waste   margins  on   the   very 
numerous  groups,  and  in  the  aggregate  that  will  tend 
to  increase  the  number  of  junction  lines  requiretf.     Then 
again  there  is  the  difliculty  of  the  six-figure  numbers, 
which   I   think  probably  could   be  got  over.     The  ex- 
perience of  five-figure  numljcrs  up  to  now  has  shown 
that  those  difhciiltics  are  much  less  than  were  antici- 
pated.    The  greater  complexity  of  the  plant,  I  suppose, 
will  lead   to  some  increase  in   maintenance  cost,   and 
also  to  a  greater  hability  to  faults.     Those   objections 
probably  are  not  insuperable,   and  if  the  problem  of 
London  were  to  put  in  a  new  and  complete  automatic 
system  without  any  relation  to  anything  that  existed 
before,  we  should  certainly  feel  much  more  happy  in 
going  ahead.     As  it  is,    I   think   the  paper  shows  the 
extraordinary  difficulties  that  would  arise  in  the  gradual 
conversion  of  such  a  huge  manual  system  as  London 
into  an  automatic  system.     I  do  rot  know  how  many 
years  it  would  take,  but  one  might  give  a  guess — lo  to 
12  years  at  a  very  moderate  estimate — and  during  that 
period  the  public  and  the  service  would  have  to  face  a 
considerably  increased    amount   of  dilficulty  in  working 
and  a  consideralOy  increased  cost,    l-'or  the  reasons  which 
the  authors  have  given,  it  may  be  necessary  very  soon 
to   face   those  diflicultics,   but   there  can   Ix-   no  doubt 
that   dunng   the  perifKl  of  transition  the  difficulty  and 
the  cxpen.sc  of  working  the  system   will  be  great.     I 
need    jxrliaps   only   refer   to   the   dilliculty   whicli    the 
authors  descriljc  in  working  between  the  automatic  and 
the    manual    subscribem.     I'rom    the    automatic    sub- 
iKnbor   to   the    manual   sul>scril>er   we    must    have   an 
automat ir  fiyittem  or  a  dialling  svstcni  or  some  equiv.ilent 
»v»<«-m    Oio  ,,,H»  (,(  which  will  have  to  lie  .ndded  to  the 
''  '   '-xi  hango  and   to  the  cost  of  the 

;it)d  l>c  a  net  a<l<lition  to  the  whole 
co»t  of  the  »>'>item.  'ITicn  again,  for  incoming  calls 
from  manual  to  automatic,  there  seems  no  way  out 
«•(  it  but  that  during  the  transition  stage  we  miwt  keep 


a  multiple  on  the  "  B  "  side  at  the  automatic  exchange. 
That,  the  authors  suggested,  might  be  arranged  by  the 
conversion  in  an  existing  exchange  of  the  existing  "  B  " 
multiple  :  but  it  hardly  seems  to  be  practical,  because 
that  "  B  "  multiple  must  be  kept  in  use  until  the  whole 
of  the  exchange  can  be  cut  over,  and  therefore  we 
must  put  in  a  new  "  B  "  multiple  in  the  first  automatic 
exchange  wc  make.  We  may  then  move  out  our  "  B  " 
multiple  to  our  next  exchange,  and  so  on  ;  but  the  whole 
process  will  involve  ad<litional  plant  ;  it  will  involve 
a  certain  amount  of  removal  and  alteration,  and  it 
will  require  plant  which,  after  all,  is  subject  to  a  good 
many  faults  and  interruptions.  So  far  as  I  can  see, 
for  many  years,  until  the  great  majority  of  the  manual 
exchanges  have  been  converted,  we  shall  have  the 
aggregate  of  faults  arising  due  to  both  the  automatic 
and  the  manual  systems ;  we  shall  get  very  little 
improvement  in  the  efficiency  of  the  ser\'icc  from  the 
small  part  of  it  which  will  be  done  exclusively  bv  the 
automatic  plant,  and  we  shall  have  as  much,  if  not 
rather  more  difficulty  in  working  the  manual  part  of 
the  service. 

Mr.  Charles  A.  Baker  :  A  previous  speaker  (Colonel 
Ogilvie)  gave  the  meeting  to  understand  tliat  tariffs 
may  go  up  rather  than  down  :  it  is  ver>'  difficult  owing 
to  the  war  to  appreciate  what  a  tariff  should  be  now 
as  compared  with  what  it  used  to  be  before  the  Post 
Office  took  over  the  telephones,  but  lower  rates  were 
customary'  up  to  191 2  ;  the  rates  then  went  up,  and  they 
have  gone  up  again  since.  In  London  one  cannot 
get  a  telephone  at  all  now  under  £(>  los.  per  annum  : 
outside  the  Administrative  County  one  can  get  a  tele- 
phone for  ;^5  los.  per  annum,  assuming  there  is  room 
for  additional  circuits  on  the  posts,  but  those  are  quite 
high  prices.  It  seems  to  me  that,  for  local  work  only, 
on  any  exchange  there  ought  to  be  a  much  lower  tariff 
based  on  the  same  scale  as  that  enjoyed  by  the  pro- 
vincial towns.  Croydon  has  iK-en  mentioned  ;  it  comes  in 
the  metropohtan  area,  and  is  deprived  of  the  advantage 
of  a  cheap  local  service.  I  understand  the  jv4Stificat1on 
for  the  high  tariff  is  that  once  connected  with  the  s>-stem 
in  Croydon  (or  anv  other  part  of  Ixmdon)  one  has  an 
enormous  number  of  suV>scribers  to  whom  one  can  talk. 
That  is  all  very  well,  but  on  the  other  hand  the  Telephone 
Authority  has  an  enormously  large  numl)er  of  subscril>ers 
in  a  comparatively  small  area,  or  say  per  square  mile. 
Officially  I  have  some  770  instruments  connected  to 
the  Post  Oflice  system,  and  they  are  all  attached  to 
the  central  offices  in  Lindoii  within  a  stone's  throw 
one  office  of  another  ;  many  of  the  instruments  are 
"  extensions,"  part  of  the  cost  is  for  junction  Unes, 
exchange  lines  and  so  on,  but  it  is  all  a  ver>'  condensed 
area,  and  the  average  cost  of  those  instruments  is 
£y  los.  each  per  annum.  If  the  Telephone  Authority 
had  to  run  miles  of  wire  to  each  of  those  instruments 
I  am  inclinetl  to  think  that  £j  los.  might  not  l>e  an 
excessive  i)rice,  but  foi  nearly  800  telephones  in  a 
condensed  area  lj  los.  docs  seem  to  me  to  be  a 
high  price.  an<l  in  inyo)iiiiiiin,  many  thousands  of  ])coplc 
arc  pnihibiled  from  using  the  telephone  111  the  Londun 
area  in  consequence  ol  the  high  price.  I  am  not  quite  sure 
whether  the  telephone  users  have  to  pay  for  the  telephones 
put  at  the  disjvisal  of  the  Government  Departments  : 
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one  knows,  of  course,  that  the  Government  have  free 
use  of  telephones  and  free  use  of  the  Post  Office  generally : 
if  no  transfer  of  accounts  is  made,  then  of  course  the 
telephone  user  is  taxed  to  pay  for  the  Government 
use  of  telephones.  It  almost  seems  that  London 
is  too  big  for  the  telephone  system  with  which  it  is 
now  equipped  :  so  many  exchanges  make  it  almost  an 
impossible  problem  :  the  pro\-incial  towns  are  more 
within  the  hmits  of  an  efficient  system  of  telephony. 
Another  point  that  I  should  like  to  emphasize  is  security 
against  breakdown.  During  the  storm  which  occurred 
a  few  weeks  ago  it  was  reported  in  the  Press,  I  presume 
correctly,  that  some  ii,ooo  subscribers'  lines  were  put 
out  of  action.  It  was  not  an  exceptional  storm,  and  it 
seems  to  me  that  the  Post  Office  ought  to  use  some 
higher  factor  of  safety  in  the  construction  of  their 
overhead  lines  and  equipment  generally,  so  that  we 
should  not  suffer  from  a  breakdown  such  as  this.  Not 
many  months  ago  I  was  in  the  North  of  England  where 
they  were  suffering  from  a  similar  breakdown ;  the  storm 
on  that  occasion  did  not  affect  London,  but  with  the 
high  subscription  which  is  demanded,  I  think  we  are 
entitled  to  very  much  greater  security.  One  other 
point  I  want  to  deal  with  is  the  question  of  meters — 
always  a  very  interesting  one  to  the  subscriber.  Of 
all  meters  with  which  I  am  acquainted  the  telephone 
meter  used  to  record  the  number  of  calls  initiated 
is  the  worst.  It  is  put  on  the  back  of  the  exchange 
somewhere  or  other  and  the  subscriber  never  sees  it, 
although  a  privileged  person  may  perhaps  be  allowed 
to  have  a  look  at  it.  A  long  time  ago — in  connection 
with  electric  lighting — I  had  to  deal  with  an  early 
design  of  electrolj'tic  meter  :  the  accounts  were  rendered 
on  the  basis  of  the  weight  of  zinc  deposited  on  the 
plates  ;  these  electrol)i:ic  meters  were  quite  useful,  but 
the  consumers  did  not  hke  them  because  they  gave 
no  indication  on  any  kind  of  dial  of  the  daily  or  monthly 
consumption  :  the  plates  had  to  be  removed  and 
the  consumption  calculated  after  carefully  weighing  the 
plates  to  ascertain  the  increase  as  compared  with  the 
weight  of  plate  originally  put  in.  The  same  objection, 
in  a  more  aggravated  form,  must  be  raised  against  the 
telephone  meter,  viz.  that  it  gives  the  subscriber  no 
information  as  to  the  number  of  calls  which  are  being 
registered  against  him  from  time  to  time  :  in  case  of  dis- 
pute the  Postmaster-General  assures  him  that  the  record 
is  there,  and  he  has  got  to  pay  for  it.  If  some  reUable 
description  of  meter  could  be  put  on  the  subscribers' 
premises,  near  his  telephone,  so  that  he  could  check  the 
readings,  that  would  in  my  opinion  be  a  very  great 
advantage,  and  would  at  least  estabhsh  an  equitable 
basis  on  which  accounts  are  made  out  against  the 
numerous  subscribers  who  adopt  the  "  message  rate  " 
system. 

Mr.  J.  Hedley  :  It  may  be  safely  stated  that  the 
experience  so  far  obtained  with  full  automatic  exchange 
working  justifies  the  authors'  opinion  that  an  improved 
service  is  afl^orded  to  subscribers.  With  regard  to  the 
"  wrong  number "  trouble  which  is  common  to  both 
manual  and  automatic,  the  statistics  of  the  Post  Office 
confirm  the  figures  in  the  schedule  supplied  on  page  165. 
The  proportions  are,  approximately,  a  total  of  i  •  6  per 
cent  for  automatic  and   3   per  cent  for  manual.     The 


records  indicate  that,  of  this  total,  I  ■  i  per  cent  under 
automatic  i3  due  to  subscriber's  error  and  0-3  per 
cent  due  to  the  switching  plant ;  whereas  under  manual 
0-8  per  cent  is  due  to  the  subscriber  and  2-2  per  cent 
to  the  manual  exchange  operator,  thus  confirming,  as 
might  be  expected,  that  the  machine  acts  more  reUably 
than  the  operator.  It  is  only  fair  to  state  that  these 
figures  are  obtained  by  ser\-ice  observation  operators 
who  cannot  always  find  out  the  number  of  the  called 
subscriber  when  he  replies,  and  consequently  having 
only  a  record  of  the  number  demanded  by  the  calling 
subscriber  she  must  use  her  discretion,  and  generally 
the  error  is  scheduled  against  the  exchange  operator, 
e.g.  the  4-7  per  cent  shown  on  page  165  most  probably 
includes  many  subscriber's  errors.  The  measure  of  the 
grade  of  ser\dce  should  therefore  be  taken  from  the 
total  percentage  of  wrong  numbers.  I  am  sorry  that 
the  authors  have  not  made  any  reference  under  technical 
problems  to  the  scheme  of  working  private-branch- 
exchange  subscribers  in  automatic  exchanges,  when  the 
number  of  exchange  fines  exceeds  the  capacity  of  the 
bank  contacts.  For  lo-contact  systems  there  would 
be  many  cases  where  the  needs  of  the  London  private- 
branch-exchange  subscribers  cannot  be  fulfilled,  and 
I  should  like  the  authors  to  say  what  scheme  is  recom- 
mended for  such  service.  There  are  means  of  over- 
coming the  difficulty  and  I  think  the  proposals  should 
be  referred  to  in  a  paper  of  this  character.  There  is 
also  another  technical  problem  to  which  I  should  hke 
to  refer.  The  calls  originated  by  automatic  subscribers 
for  other  exchanges  are  recommended  to  appear  before 
the  manual  operator  on  an  intimator.  What  scheme 
would  the  authors  adopt  for  metering  these  calls  ? 
I  am  of  opinion  that  such  facifities  can  be  afforded, 
but  it  is  desirable  that  the  scheme  should  be  fully 
worked  out  by  contractors.  With  regard  to  the  lantern 
shde  shown  of  the  intimator,  I  think  the  idea  is  a  very 
good  one,  but  it  is  questionable  if  sufficient  room  for 
the  lamp  jacks  will  be  available  in  the  "  B  "  position 
multiple  field,  and  it  is  therefore  probable  that  the 
keyboard  method,  where  space  is  generally  available, 
may  have  to  be  resorted  to.  In  connection  with  the 
handling  of  incoming  junction  traffic  I  cannot  agree 
with  the  authors  when  they  recommend  scheme  3  on 
page  184.  Three  schemes  are  suggested  :  (i)  where 
the  distant  manual  operator  dials  the  number  direct  ; 
{2)  where  the  call  is  received  in  the  automatic  exchange 
by  an  operator  and  is  completed  by  means  of  a  key- 
board sender  ;  (3)  recommends  the  utihzation  of  plug- 
ended  "  B  "  positions  transferred  from  other  exchanges 
and  completing  the  call  in  the  multiple  of  the  sub- 
scriber's fine.  In  my  opinion  scheme  3  is  fraught  with 
difficulties.  It  demands  that  during  the  short  period 
between  [a)  the  "  B  "  operator  testing  the  multiple  jack 
of  an  automatic  subscriber's  fine  with  the  tip  of  the 
plug  and  (6)  the  plug  pushed  home  to  make  connection, 
it  shall  not  be  possible  for  any  automatic  smtch  to  test 
and  pick  up  the  automatic  fine  concerned.  Such 
co-operation  between  automatic  machines  and  operators 
does  not  appear  to  be  practicable  and  double  connections 
would  undoubtedly  occur  ;  probably  only  to  a  small 
extent,  but  as  the  danger  is  existent  the  scheme  should 
not   be   countenanced.     In   my   opinion   it  is   essential 


192     LAIDLAW   AND  GRINSTED:   THE   TELEPHONE   SERVICE   OK   LARGE   CITIES, 


that  all  incoming  calls  should  be  completed  automatically 
so  that  the  connection  with  the  wanted  subscriber's 
hne  IS  alwa>-s  dealt  witli  by  the  switching  plant,  thus 
ehminating  any  chance  of  the  double  connection  referred 
to.  With  reference  to  the  wholesale  changing  of  sub- 
scribers' numbers  in  Inner  London  1  must  confess  I 
do  not  quite  Uke  the  idea.  All  the  facihties  referred  to 
in  the  paper  can  be  afforded  if  we  transfer  the  exchanges 
one  by  one.  It  is  next  to  impossible  for  subscribers' 
numbers  to  be  definitely  assigned  in  advance  in  large 
areas  hke  Inner  London,  in  the  most  economical  wav 
from  a  '  Mndixjint,  which  will  cater  for  the  whole 

of  tlje  I.  .  pc-iiod  of,  say,  lo. years  ;  consequently 

some  of  the  subscribers'  numbers  would  need  to  be 
changed  a  second  time  and  this  must  be  avoided.  1 
think  therefore  it  would  be  very  much  better  to  draw 
up  a  really  sound  scheme  for  the  transition  period  and 
deal  with  each  exchange  one  at  a  time. 

Mr.  A.  H.  Preece  :  I  should  hke  to  make  one  or 
two  short  points.  The  tirst  is  this.  Why,  in  automatic 
exchanges,  in  the  dials  is  one  hmited  to  the  digits 
of  lo  ?  Why  should  not  we  have  letters  ?  Would  not 
that  to  a  certain  extent  increase  the  scope  of  the  auto- 
matic exchange  ?  I  wish  next  to  refer  to  capital  cost. 
I  happened  recently  to  be  deahng  with  a  case  abroad, 
where  it  was  a  question  of  putting  down  a  new  exchange 
in  a  town,  now  of  20,000  subscribers,  with  future  ex- 
tensions probably  to  100,000  subscribers.  Everj-thing 
led  one  lo  think  that  it  was  an  ideal  place  for  automatics  ; 
two  languages  are  spoken,  the  operators  are  not  very 
efficient  and  there  are  no  trunks.  We  were  instructed 
by  the  board  of  the  company  to  obtain  tenders  tor 
both  automatic  and  manual  systems.  The  tender  for 
the  complete  automatic  switcliboard  was  practiccdly 
^50,000.  The  lowest  tender  for  the  manual  was  j^24,ooo. 
We  had  the  actual  costs  of  the  existing  operating  charges, 
and  by  means  of  those  tenders  we  were  able  to  calculate 
fairly  accurately,  allowing  8  per  cent  interest  and  10  per 
cent  depreciation,  that  the  additional  annual  cost  of 
the  automatic  exchange  would  be  £'6,000  a  year.  Under 
those  circumstances  we  were  obliged  to  recommend  the 
adoption  of  the  manual  system  for  the  new  exchange. 
The  automatic  system  would  have  reduced  the  number 
of  operators  from  60  to  12.  Each  operator  now  costs, 
on  the  average,  about  £1  per  month  ;  and  it  is  only  a 
matter  of  calculation  to  show  that  if  the  cost  of  tlie 
operators  came  to  as  much  as  £8  per  operator  per  month, 
tl.'  ■  ■  ■  would  have  been  in  favour  of  the  automatics. 
I  :.d   that   in    New   Vork   the    Bell   Telephone 

Conipaiiy  arc  seriously  considering,  if  not  actively 
undertaking,  the  design  of  tlic  automatic  system  for 
the  whole  of  New  York,  based  on  the  fact  that  the  cost 
of  opcnation  f >cr  operator  liaa  now  exceeded  ^^8  per  month. 
I  tliink  that  in  I>ondon  we  are  getting  very  near  that 
stage,  and  no  doubt  in  a  short  time  the  justification 
lor  automatics  will  be  very  clearly  shown  from  a  financial 
point  f.f  view.  1  would  here  remark  that  the  capit.il 
cost  at  the  prrw'nt  time  is  of  course  exceptional,  and 
tl  '  >   may  come   down   in   the   future 

to  .  ,    Jess  ;     but  wc  arc   bound   lo   face 

facts  aa  they  arc  at  prcHcnt.  It  seems  to  mc  that  in 
an  area  such  as  London  wc  have  to  educate  the  public, 
and  I  would  submit  that  a  scheme  such  as  the  authors 


have  put  forward  should,  if  possible,  be  carried  out 
in  some  way  whereby  the  public  are  gradually  educated 
to  it.  Anytliing  in\olviiig  six  figures  is,  I  think,  going 
a  Utile  bit  too  fast  for  the  pubhc,  and  1  have  grave 
doubts  whether  one  can  educate  the  public  up  lo  using 
accurately  a  six-figure  dial. 

Mr.  A.  J.  Stubbs:  I  think  that  the  attitude  of  the 
engineer  in  this  connection  should  be  frankly  pro- 
gressive, but  that  the  attitude  of  the  administrator 
should  tend  to  be  conser\-ative  ;  the  point  being  tliat 
although  we  are  certain  of  the  success  of  the  automatic 
s>-stem,  we  should  not  give  the  public  any  reason  to 
infer  that  the  present  system  is  not  a  good  working 
system.  When  we  speak  of  the  economic  value  of  the 
plant,  for  instance,  to  throw  out  the  existing  manual 
plant  obviously  would  not  be  sound  economics  ;  nor. 
even  if  it  were  possible,  would  be  very  rapid  adoption 
of  the  automatic,  because,  as  the  authors  admit,  the 
present  stage  of  design  and  development  is  not  such 
that  we  can  claim  the  plant  to  be  standard.  If  we 
are  to  have  a  system  that  will  be  thoroughly  eflicient 
we  must  work  steadily  forward  until  the  automatic 
plant  has  been  standardized  more  or  less  with  the 
thoroughness  that  characterizes  the  design  of  the  manual 
plant.  I  suggest,  therefore,  that  as  telephone  engineers 
we  should  make  a  special  p>oint  of  not  admitting  that 
the  present  system  is  essentially  not  the  best  that 
projDer  and  reasonable  procedure  admits.  We  have  got 
at  the  present  day  every  stage  from  the  latest  switch- 
board back  to  the  magneto  board  ;  and  reasonably 
so  ;  and  in  10  years'  time  we  shall  be  in  the  same  position 
— we  shall  have  the  latest  board,  back  to  some  manual 
system  now  in  existence  ;  and  the  public  as  well  as 
we  will  have  to  recognize  the  fact  that  the  highest 
practicable  efficiency  of  a  system  is  consonant  with 
the  continued  service  of  plant  that  is  not  of  the  latest 
type. 

Mr.  F.  M.  V/ard  :  I  do  not  entirely  agree  with  the 
authors  that  a  higher  voltage  than  has  been  standard 
for  central  battery  working  in  the  past  would  be  advan- 
tageous in  every  way.  I  agree  that  perhaps  a  50  per 
cent  increase  would  be  justified  on  account  of  the 
improved  transmission,  but  I  think  a  higher-resistance 
transmitter  would  also  help  in  this  direction.  High 
voltages  arc  undoubtedly  more  exacting  to  the  line 
and  cable  work,  and  in  this  connection  it  may  be  of 
interest  to  telejihonc  engineers  lo  mention  that  I  had 
a  unique  opportunity  of  comparing  the  effects  on  the 
insulation  of  what  are  practically  the  high  and  low 
voltage  limits  of  automatic  working  and  in  which  all 
the  conditions  were  equal  except  the  voltage.  The 
installation  was  an  automatic  one  of  an  early  type, 
in  which  a  split  battery  was  used  in  such  a  way  that 
the  "  A  "  line  was  connected  through  a  feeding  coil 
to  60  volts  and  the  "  B  "  line  through  a  similar  coil 
to  36  volts — that  is  to  say,  the  "  A  "  line  was  always 
60  volts  and  the  "  U  "  hue  36  volts  above  earth.  The 
lines  were  entirely  in  cable,  .ind  tests  invariably  showed 
that  the  insul.ittoii  resistance  of  the  low-voltage  line 
of  a  p;iir  was  very  much  higher  than  that  of  the  higher- 
voltage  line.  Ncitlicr  do  I  .igrcc  that  higher  voltages 
reduce  the  mainlrnance  expenses  on  relays,  as  the 
authors  suggest.     I  have  had  experience  with  automatic 
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working  on  voltages  ranging  from  24  to  60  volts,  and  have 
found  it  more  difficult  to  eliminate  disruptive  sparking 
on  the  higher  voltages.  It  is  obvious,  I  think,  that  the 
higher  the  voltage  employed  the  more  risk  there  is  of 
an  arc  once  started  being  sustained.  I  think  it  would 
be  as  well  to  keep  these  points  in  mind  before  standard- 
izing the  voltage  for  automatic  systems.  The  authors 
on  page  169  touch  on  the  subject  of  ventilation  without 
risk  of  dust  and  damp.  I  think  too  much  has  been  made 
of  this  in  the  last  few  years,  and  I  cannot  see  why  the 
contacts  on  automatic  switches  and  relays  should  require 
more  careful  protection  than  similar  apparatus  in  manual 
exchanges,  provided,  of  course,  that  a  proper  contact 
pressure  is  employed.  Referring  to  the  statement  on 
page  179  regarding  calls  to  be  reverted  to  the  sub- 
exchange,  and  that  junctions  outgoing  to  the  first 
selectors  may  be  freed  and  the  switches  released  after 
it  has  been  determined  that  the  call  is  for  the  local 
exchange,  I  may  say  that  circuits  have  been  developed 
which  render  the  engagement  of  such  junctions  entirely 
unnecessary  unless  the  call  is  actually  going  out  of  the 
local  exchange. 

Mr.  B.  O.  Anson  :  It  is  clear  to  those  who  have  been 
in  touch  with  the  subject  of  automatic  telephony  during 
the  last  few  years  that  there  is  now  quite  a  different 
attitude  of  mind  with  respect  thereto  from  what  there 
was  some  years  ago.  When  Mr.  Laidlaw  read  his  first 
paper  the  question  was  "  Will  the  Automatic  System 
work  ?  "  To-day  it  is  not  a  question  of  whether  it 
will  work,  but  whether  the  manual  system  10  years 
hence  will  be  able  to  cope  with  the  traffic.  The  authors 
support  their  position  with  regard  to  the  efficiency  of 
automatic  as  compared  with  manual  plant  by  statistics. 
I  should  like  to  supplement  their  figures.  A  four-figure 
automatic  exchange  has  been  watched  by  the  Post 
Office  for  a  considerable  time  as  compared  with  a 
manual  exchange,  and  we  get  average  figures  Uke  these  : 
The  time  taken  by  the  subscriber  to  dial  is  4  ■  7  seconds, 
which  carries  the  call  up  to  the  point  where  the  wanted 
subscriber's  bell  rings  ;  a  similar  stage  at  a  manual 
exchange  is  reached  in  the  best  circumstances  in  11 
seconds,  but  at  the  present  time  a  much  longer  period 
is  occupied.  The  time  taken  in  an  automatic  exchange 
to  disconnect  a  terminated  call  is  ^  second,  but  at  a 
manual  exchange  originated  calls  are  not  disconnected 
until  6  seconds  have  elapsed,  and  the  delay  in  discon- 
necting inward  calls  is  stUl  greater.  At  an  automatic 
exchange  the  engaged  signal  is  given  to  a  calling  sub- 
scriber in  6  seconds,  as  against  13  seconds  in  the  manual 
case.  The  called  subscriber  and  his  line  are  held  by 
an  automatic  exchange  for  a  total  of  17 '5  seconds 
(operating  time),  as  against  31-7  seconds  during  which 
the  operator  occupies  the  attention  of  a  subscriber  at 
a  manual  exchange  in  connecting  and  releasing  a  call. 
Each  of  these  cases  includes  about  12  seconds  that  are 
occupied  in  waiting  for  the  called  subscriber  to  answer 
his  bell.  In  the  automatic  system  irregularities  occur 
in  5 '9  per  cent  of  the  calls,  as  against  30  per  cent  on 
the  manual  system.  In  this  latter  connection  it  is 
interesting  to  note  that  the  irregularities  due  to  sub- 
scribers are  lower  for  the  automatic  than  the  manual 
system,  showing  that  a  subscriber  "  dials  "  more  accur- 
ately than  he  speaks.     On  page   168  the  authors  deal 


with  the  question  of  costs  and  state  that  the  amount  of 
raw  material  in  a  large  automatic  exchange  is  not  very 
different  from  that  in  a  corresponding  manual  equip- 
ment. That  being  so,  and  having  regard  to  the  fact 
that  in  automatic  equipment  there  is  a  much  greater 
proportion  of  press  tool  and  repetition  work,  and  less 
direct  labour  than  in  manual  equipment,  one  would 
expect  that  eventually  the  first  cost  of  automatic  would 
be  lower  than  that  of  the  manual  plant.  The  question 
of  depreciation  is  important,  and  I  think  that  the  co- 
relative  subject  of  the  comparative  life  of  plant  should 
rest  upon  fact  rather  than  expediency.  The  authors 
say  that  automatic  will  have  a  longer  life  than  manual 
plant.  I  agree  entirely.  At  a  manual  exchange 
practically  the  whole  of  the  troublesome  engineering 
is  centred  in  the  mass  of  cables  and  jacks  known  as 
the  subscriber's  multiple.  Even  after  long  years  of 
experience  it  is  not  the  practice  to  renew  the  subscriber's 
multiple,  and  when  the  jacks  lose  gauge  with  the  plugs 
or  the  cable  deteriorates  the  exchange  has  come  to  the 
end  of  its  useful  life.  There  is  no  such  controlling 
factor  in  the  age  limit  of  automatic  equipment.  Every 
part  of  this  equipment  is  capable  of  renewal.  The 
plant  is  erected  in  units,  and  if  any  unit  needs  to  be 
thrown  out  of  service  for-  purposes  of  renewal  it  is 
relatively  a  simple  matter  to  install  a  temporary  unit 
to  replace  it  while  the  work  is  in  progress.  The  difference 
between  automatic  and  nianual  plant  in  this  respect 
is  evidenced  by  a  case  which  occurred  some  time  ago 
in  which  a  leakage  of  sulphuric  acid  from  the  floor 
above  destroyed  the  wiring  of  one  of  the  automatic 
units.  Any  experienced  telephone  engineer  will  realize 
what  a  serious  thing  it  would  be  for  a  siinilar  accident 
to  have  occurred  to  a  subscriber's  multiple.  The 
authors  referred  to  a  meter  which  can  be  used  for 
registering  calls  having  different  cost  values.  Un- 
fortunately they  did  not  give  any  details  in  the  paper 
and  therefore  it  is  not  easy  to  criticize  their  proposal. 
It  is  evident,  however,  that  they  attach  considerable 
importance  to  this  device,  but  a  word  of  warning  is 
necessary.  If  the  instrument  is  mechanical  in  type 
and  is  designed  to  perform  four  different  operations 
where  one  is  now  performed,  it  is  an  added  intricacy 
on  the  system  and  to  my  mind  is  wrong  in  principle. 
Meters  should  be  simple  mechanically.  If,  however,  it 
is  as  simple  in  design  as  the  existing  type,  and  is 
adjustable  so  as  to  follow  the  changes  of  tariff  which 
will  arise  from  time  to  time,  then  undoubtedly  their 
proposal  is  an  important  one,  as  it  would  render  auto- 
matic working  practicable  as  between  adjacent  cities 
that  have  a  small  trunk  fee  in  respect  of  calls  from 
one  to  the  other.  The  transition  processes  in  a  large 
area  such  as  London  are  of  great  complexity.  The 
requirements  of  machinery  differ  very  greatly  from  those 
of  human  operating,  and  it  is  necessary  to  meet  both  sets 
of  requirements  for  a  number  of  years.  The  authors 
suggest  the  changing  of  all  the  subscribers'  numbers, 
and  some  wholesale  change  of  this  kind  appears  to  be 
necessary.  The  most  promising  scheme  that  has  yet 
been  proposed  appears  to  be  one  which  involves  changing 
the  whole  of  the  exchange  names  in  preference  to  the 
whole  of  the  subscribers'  numbers.  An  example  will 
perhaps     make     this     clear.     An     existing     subscriber. 
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East  4136,  is  part  of  a  system  which  is  to  be  worked 
automatically  upon  a  six-digit  basis.  The  now  number 
suitable  (or  automatic  working  might  be  something 
hko  254 136,  in  which  two  digits  have  been  placed  in 
front  of  4136.  Now  this  number  would  be  very  objec- 
tionable when  used  on  calls  ]xi.ssing  through  manual 
exchanges  not  yet  converted  to  automatic  working. 
By  selecting  10  letters,  preferably  common  consonants, 
the  digits  25  might  be  replaced  by  DS,  and  we  should 
then  have  DS4136.  If  now  some  word  be  chosen 
instead  of  East  having  D  and  S  as  the  initial  and  tinal 
letters,  such  as  "  l>ocks."  we  get  Docks  4i3<>-  If  now 
a  dot  be  placed  under  the  D  and  S,  thus  Docks  413O, 
we  have  a  device  which  meets  all  requirements.  The 
dials  would  show  letters  as  well  as  digits  and  all  operators 
and  subscnbers  on  manual  exchanges  would  use  the 
expression  Docks  4136.  whereas  automatic  subscribers 
would  dial  DS  4136,  the  two  dots  placed  under  the 
letters  being  an  indication  on  reference  to  the  Dircctorj' 
that  these  symbols  are  to  be  operated  on  the  dial.  The 
change  in  dlreclor^•  could  be  made  long  in  advance  of 
the  intnxiuction  of  automatic  working  at  a  given 
exrhange. 

Mr.  W.  Aitken  :  The  telephoning  of  London  is  a 
vcn.-  l>ig  question  requinng-  very  careful  consideration. 
I  believe  with  the  authors  that  the  full-automatic  system 
only  can  give  London  an  cflicient  telephone  service. 
One  of  the  most  imjxirtant  features  affecting  the  efficiency 
of  the  plant  and  the  popularity  of  the  service  is  the 
method  of  charging  for  the  service  given.  The  authors 
advocate  a  system  based  on  a  "  unit  of  telephone 
service."  "  The  rate  of  consumption  of  a  unit  according 
to  amount  of  plant  involved  "  is  theoretically  good, 
but  in  practice  will  introduce  great  complications. 
Judging  from  known  corresponding  methods  of  charging 
according  to  the  amount  of  apparatus  brought  into 
use  on  a  call,  additional  apparatus,  to  influence  the 
subscriber's  meter,  must  be  associated  with  each 
junction,  and  this  apparatus  is  varied  according  to 
the  length  or  imjxirtance  of  the  junction.  Such  devices 
complicate  the  plant  and  increase  the  capital  cost  and 
maintenance.  In  an  installation  such  as  that  descril)cd. 
the  cost  of  subscribers'  meters  and  junction  equipment 
will  probably  exceed  j^i, 000,000.  It  is  impossible  to 
place  a  figure  on  the  maintenance  charge,  but  it  must 
\k  considerable  ;  and  it  must  l>e  borne  in  mind  that 
all  complications  increase  the  possibility  of  troubles  | 
from  faulty  lines  and  apparatus  which  ultimately 
affect  the  service.  The  simpler  the  system  is  kept  the 
more  efTicient  it  will  Ixv  After  considering  such  sugges- 
tions for  cliarging  schemes  one  is  f<>rcc*d  to  ask  :  what 
al''  are    there  ?     And    it    may    prove    worth 

w!  I'-ring  a  return  to  the  "flat-rate"  system 

or  a  11  1  of  it.     This,  at  first  sight,  may  appear 

a  retn  ,.  ;>,  but  the  aut<imatic  system  puts  many 

aspects  of  the  telephone  question  in  a  new  light.  In  ', 
the  I'nited  States  a  large  numlicr  of  the  exchanges  work 
on  the  flat-rate  system.  It  is,  or  used  to  be,  argued 
that  the  apparatus  being  provided  it  costs  little  more 
to  allow  the  HulmfnlKrs  to  put  through  additional 
calb.  It  n  found  in  prattur  tliat  the  calls  are  shorter 
(83  seComU  instead  tif  2  to  2)  minutes)  an<l  consequently 
that  fewer  junctions  are  required  per  1,000  calls  in  the 


busy  hour  (36  junctions  in  a  common  group  against  46  to 
55).     There   will   be  a  greater   proportion  of  frivolous 
calls,  but  these  would  not  likely  exceed  this  difference. 
The  telephone  will  not  be  used  so  freely  on  a  message-rate 
system  as  on  a  flat-rate  one.     Subconsciously  the  cost 
will  be  counte<l  each  time  a  call  is  made  and  full  value 
will  be  required  in  duration  if  possible.     It  is  therefore 
impossible  to  advocate  or  encourage  the  telephone  habit, 
particularly  as  regards  the  social  side  of  the  problem. 
The   flat-rate  system   is  also  preferable  for  the  sniall 
user  with   piarty    lines.     Otherwise  a    fairly   expensive 
coin  box  has  to  be  fitted  alongside  the  telephone,  into 
which  a  fee  has  to  be  ileixisited  for  each  call.     These 
boxes   discourage    calls    and    multiply   troubles.     It   is 
usually  argued  that  the  small  user  partly  pays  for  tlie 
calls  of  the  big  user  on  the  flat-rate  system.     There  is 
a  little  truth  in  this,  but  I  do  not  think  it  more  serious 
than  our  method  of  cliarging  for  water.     Two  similar 
adjacent     houses    pay    the    same    water    rate    but    the 
occupants  of  one  may  use  10  times  as  much  water  as 
the  other.     They  both  have  the  right  to  use  the  same 
amount.     The    telephone    should    be    as     freely    used 
for  a  fixed  charge,  and  for  small  users  this  might  be 
paid    quarterly.     In    an    automatic    system,    owing    to 
the  operating  of  party   lines   mechanically,   these   can 
be  frcelj'  installed  and,  therefore,  the  small  user  may  have 
a  half,  or  a  quarter  share  of  a  line,  fitted  with  selective 
ringing,    and    possibly   with    secret   or   non-interfering 
talking.     Tor  still  smaller  users,  in  flats  and  workman's 
houses,  the  eight-party  line  may  be  used.     The  bigger 
user  would  have  a  single  direct  line  for  his  sole  use,  and 
the   number  of   lines   would    be   increased   as   required 
according  to  the  extent  of  the  business    (the   number 
of  calls  per  direct  line  should  be  restricted  so  as  not  to 
interfere    with    the    efficiency    of    the    service).     There 
should  be  different  rates  for  all  types  of  lines,  for  business 
premises,   and   residences.     It   might  even   be   jxissible 
to  assess  a  telephone  rate  in  the  same  way  as  the  water 
rate.     The  saving  in  staff  for  reading  meters,  rendering 
accounts,  etc.,  would  be  verj'  great,  and  the  irritation 
of  disputed   accounts  would   be  eliminated.     It   seems 
to  me  the  subject  is  worthy  of  very  careful  consideration 
from  Ixjth  an  economical  and  efhciency  point  of  view. 
If  full-automatic   private  branch  exchanges  are  to  l>e 
allowed,  it  follows  that  in  many  cases  six-figuie  calling 
will  Ix-come   7,   8  or  9-hgurc  calling,  according  to  the 
size   of   the   exchange.     When   it   is   rememliered    that 
delays  in  calling  all  the  digits  of  a  nundier,  due  to  again 
consulting  the  directory  at  any  state  of  the  call,  maintain 
a  corrcsi>on(ling  numlx-r  of  junctions  and  switches  in 
ineffective   use.   it   will   be   appreciate*!    how   necessary 
it  is  to  aid  the  subscrilier  in  every  possible  way  to  call 
correctly  and  without  hesitation.     I  do  not  like  adding 
names  of  areas  to  a  figure  in  the  linger  hole.     In  liadly 
lighted  places,  or  due  to  shadows  in  well-lightcil  places, 
the  names  cannot   Ix-  read.     In  the  United  States  the 
flgurcs  have  Ix-cn  prcfixetl  by  the  first    10  letters   of 
the  alphabet,  and  the  relative  positions  of  these  letters 
readily    become    known    so    that    even    the    blind    can 
manipulate  the  ilial.     It   has  also  lieen  the  custom  to 
divide  the  nunilter  into  syllables,  as  27-39-4O,  to  assist 
the  memory      If    may  even   prove  convenient  to  give 
the  sulMcnber  a  small  hand  device  with  a  scries  of  discs, 
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of  the  telephone-meter  type,  which  can  be  set  from 
the  directory  and  held  in  the  left  hand  whilst  diaUing 
with  the  right. 

Mr.  F.  G.  C.  Baldwin  [communicated)  :  The  subject 
of  automatic  telephony  is  one  of  considerable  import- 
ance to  this  country-  at  the  present  time  and  the 
paper  is  an  exposition  of  one  of  the  most  difficult 
features  of  automatic  telephony,  viz.  its  application  to 
the  requirements  of  a  large  and  congested  telephone 
area.  In  this  connection  perhaps  the  title  of  the  paper 
is  a  little  misleading  as  it  treats  of  a  good  deal  more 
than  is  conveyed  by  the  term  "  Telephone  Serv-ice 
of  Large  Cities."  It  is  but  a  few  y-ears  ago  that  tele- 
phone engineers  responsible  for  the  telephone  ser\-ice 
of  this  country  expressed  doubts  upon  the  following 
points  : — (a)  Whether  automatic  telephony  could  be 
successfully  applied  in  this  country  owing  to  the  adverse 
climatic  conditions.  (6)  Whether  the  British  public  would 
welcome  or  even  accept  a  change  from  manual  to  auto- 
matic working,  {c)  WTiether  the  advantages  to  be  gained 
by  the  introduction  of  automatic  working  outweighed 
the  advantages  which  would  be  lost,  {d)  Whether 
the  automatic  system  would  reliably  fulfil  its  functions. 
(e)  Whether  the  costs  of  automatic  working  were  such 
as  to  justify  its  introduction  in  place  of  the  existing 
systems.  During  the  past  six  years  several  automatic 
exchanges  have  been  brought  into  use  in  different 
parts  of  the  country  and  the  results  obtained  have 
undoubtedly  dispelled  the  doubts  which  existed  in  so 
far  as  the  points  enumerated  above  under  (a),  (b),  (c), 
and  [d)  are  concerned.  As  regards  the  cost  of  automatic 
as  compared  with  manual  working,  I  am  not  aware 
that  any  reliable  figures  have  been  published.  Up 
to  the  present  time  the  introduction  of  automatic  working 
in  this  country  has  been  confined  to  the  conversion  of 
isolated  exchanges  and  has  not  been  in  the  direction 
of  the  estabhshment  of  automatic  working  on  a  large 
scale  over  a  complete  system  of  exchanges.  In  my 
opinion  the  economies  to  be  derived  from  automatic 
working  will  only  be  secured  when  such  systems  as  a 
whole,  and  not  isolated  units,  are  converted.  During 
the  past  five  years  I  have  had  an  opportunity  of  closely 
obser^-ing  the  working  of  an  automatic  exchange  since 
it  was  brought  into  use  in  1914,  and  of  studying  the 
attitude  of  the  telephone-using  pubUc  in  jegard  to  the  ' 
automatic  service,  and  I  think  I  am  quite  correct  in 
stating  that  not  one  of  the  subscribers  would,  of  his 
own  choice,  elect  to  revert  to  the  old  manual  system. 
It  should  be  borne  in  mind,  however,  that  the  automatic 
exchanges  opened  in  this  country  have  so  far  replaced 
magneto  exchanges,  and  the  advantages  secured  to 
the  subscribers  have  therefore  been  greater  than  would 
have  been  the  case  had  the  replaced  exchanges  been 
of  the  common  battery  type.  The  authors  have  demon- 
strated the  advantages  which  the  automatic  system 
secures  in  the  increased  rapidity  of  connection  and 
disconnection.  Taking  only  one  call  into  consideration, 
where  the  difference  is  measured  in  seconds,  the  im- 
provement is  striking  enough,  but  whei^it  is  remembered 
that  this  improvement  appUes  to  the  whole  of  the  calls 
transmitted  over  the  system,  the  economy  is  very  far 
reaching.  As  a  matter  of  curiosity  I  have  estimated  that 
for  an  average  exchange  with  i,ooo  working  subscribers' 


lines  the  annual  saving  in   time  which  would  accrue 

to  the  whole  of  the  subscribers  by  the  substitution  of 
an  automatic  for  a  common  battery  system  would 
exceed  10,000  hours,  or  10  hours  per  subscriber  per 
annum.  In  a  large  city  like  London  where  the  percentage 
of  junction  traffic  and  consequently  the  number  of 
junctions  to  carry  that  traffic  is  exceedingly  high,  this 
feature  of  the  automatic  system  is  of  particular  impor- 
tance and  should  secure  considerable  economy  in 
junctions. 

Mr.  W.  W.  Cook  [communicated)  :  The  authors 
have  excluded  from  the  scope  of  the  paper  any  attempt 
to  demonstrate  that  it  is  financially  desirable  to  install 
an  automatic  system  in  London.  Two  reasons  are 
given  for  this,  the  first — a  quite  legitimate  one — that 
such  a  study  can  only  be  undertaken  by  the  Post  Of&ce, 
and  the  second,  that  prices  now  are  so  abnormal 
that  it  would  be  difficult  to  get  agreement.  This  may 
be  so,  but  the  difficulties  of  the  situation  do  not  justify 
anyone — even  a  Government  Department— embarking 
on  an  undertaking  of  this  magnitude  without  the  decision 
being  endorsed  by  a  carefully  prepared  estimate  of  the 
results,  based  on  a  thorough  study.  It  is  undoubtedly 
true  that  the  course  of  events  during  the  last  few  years 
has  been  in  favour  of  automatic,  the  principal  factor 
being  the  increase  in  operating  expenses.  It  must  not 
be  thought,  however,  that  all  the  factors  are  working 
in  the  same  direction.  As  everyone  who  has  carried 
out  investigations  into  the  relative  expenses  of  the 
alternative  systems  knows,  the  outstanding  trouble 
in  justifv-ing  automatic  apparatus  is  its  high  first  cost. 
Although  the  authors  look  forward  to  reduced  costs  in 
the  future,  it  must  be  remembered  that  a  future  reduc- 
tion in  first  cost  is  no  inducement  to  spend  money  now, 
in  fact,  it  is  a  deterrent,  and  if  manufacturers  wish  to 
hasten  the  development  of  automatic  apparatus  it  is 
necessary  for  them  to  devote  their  attention  to  reducing 
its  price.  I  think  the  authors  do  less  than  justice  to  the 
manual  system  ;  for  instance,  I  do  not  agree  with  their 
conclusions  regarding  the  alleged  monotony  of  operators' 
work.  I  am  very  glad  to  see  that  they  take  quite 
a  sound  \'iew  of  private-branch-exchange  working  in 
view  of  the  prevailing  tendency  to  look  on  ever>'thing 
from  the  mechanism  point  of  view,  instead  of  devoting 
sufficient  attention  to  ascertaining  what  are  the  traffic 
requirements  and  then  to  the  mechanism  necessary  to 
attain  the  object.  I  look  on  the  development  of  private- 
branch-exchange  working  on  sound  hues  as  one  of  the 
best  arguments  that  can  be  put  forward  in  favour  of 
full  automatic  working,  because  if  we  look  fonvard  to 
a  great  increase  of  these  lines,  and  if  proper  provision 
is  made  for  training  private-branch-e.xchange  operators, 
we  are  getting  a  great  many  of  the  advantages  of  semi- 
automatic working,  as  a  large  proportion  of  the  calls 
will  be  handled  by  an  expert  operator  who  can,  provided 
the  importance  of  the  point  is  reaUzed  and  the  matter 
properly  organized,  be  of  great  value  to  the  administra- 
tion. Another  feature,  which  is  not  mentioned  in  the 
paper  but  should  not  be  neglected,  is  the  service  observa- 
tion. This  has  done  much  in  the  past  to  reveal  weak 
parts  of  manual  service  and  is  really  more  important 
stiU  in  automatic  working,  but  I  do  not  think  that 
:    sufficient  attention  is  being  directed  to  this  question. 
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With  reference  to  the  idea  of  \'arying  the  charge  for 
a  call  according  to  its  duration,  and  possibly  according 
to  its  incidence,  I  am  rather  inclined  to  think  the 
disadvantages  of  the  method  would  more  than  outweigh 
lis  advantages. 

Mr.  T.  B.  Johnson  {cotnmunUaUd)  :  There  seems 
good  reason  to  think  that  the  question  is  not  whether 
the  automatic  sj-stem  is  suitable  for  London,  but  whether 
anv  manual  svstem  can  satisfactonly  meet  the  require- 
ments. It  Will  be  seen  from  the  large  scale  diagram  on 
page  175  that  within  the  areas  marked  Victoria,  Picca- 
dilly, Oty,  and  Bank,  there  will  be  440,000  subscribers' 
hnes — necessitating  even  with  the  most  careful  distribu- 
tion at  least  44  (and  probably  50)  manual  exchanges. 
No  fewer  than  40,000  of  these  subscribers'  lines  are 
concentrated  in  seven  of  the  sections  included  in  those 
areas,  thus  necessitating  at  least  40  to  45  manual  ex- 
changes where  four  or  live  automatic  exchanges  will 
meet  the  need.  \Mjen  we  consider  the  difficulties  of 
obtaining  suitable  accommodation  for  44  to  50  large 
exchanges,  and  the  enormous  number  of  junctions  that 
would  be  saved  (bearing  in  mind  the  fact  that  the  traffic 
between  adjacent  exchanges  is  usually  of  the  hea\-iest 
character),  one  can  reahze  something  of  the  saving  which 
will  be  effected  by  the  establishment  of  automatic 
exchanges.  The  opening  of  each  manual  exchange  would 
necessitate  a  re-arrangement  of  some  of  the  subscribers' 
hnes  and  numbers,  which  would  be  obviated  once  the 
exchanges  became  automatic.  The  difficulty  and  risk 
which  appear  to  be  thought  to  be  involved  in  the  use  of 
five-  and  six-figure  numbers  are  largely  exaggerated, 
and  the  authors  are  probably  correct  in  thinking  that 
the  idea  that  four  figures  only  should  be  used  is  largely 
owing  to  the  fact  that  manual  exchanges  are  hmited 
by  other  considerations  to  10,000  bnes.  Actual  experi- 
ence in  Leeds  shows  that  the  fears  expressed  when  a 
five-figure  exchange  was  opened  were  unnecessan,',  and 
there  lias  been  no  appreciable  difficulty  in  this  connection. 
As  a  matter  of  fact,  when  numbers  consist  of  four  or 
five  figures  a  subscriber  trusts  to  his  memory  for  very 
few  numbers,  but  generally  has  a  handy  list  of  the  numbers 
most  in  use,  and  refers  to  the  directory  for  those  only 
required  occa-sionally.  This  expencnce  leads  one  to 
doubt  whether  the  difficulties  in  operating  six-figure 
numbeis  would  be  so  great  as  arc  sometimes  feared, 
but  the  authors  arc  probably  correct  in  thinking  that 
advantage  would  be  derived  from  giving  names  to 
tlie  areas  and  so  reducing  the  number  of  figures  from 
six  to  five.  The  time  seems  to  have  amvcd  for  a 
revision  of  the  tariff,  and  the  suggestion  of  the  authors 
to  charge  uixin  a  unit  liasis  appears  an  attractive  one. 
It  t»  as  desirable  for  tl'  tic  administration  to 

find  as  level  a  load  as  j  -  it  is  for  the  elcctnc 

jjowcr  authority  to  do  so,  and  the  increased  charges 
during  the  busy  hour  and  reduced  charges  during  the 
%lack  portions  of  the  day  would  be  of  great  value  in 

thi»  way.      ■^''' '■''  •-"••^cribcrs  would  n.iturally  object 

to  any  iii<  :  .  they  would  readily  appreciate 

tl      '  '  ■      would,  moreover,  be  more 

V  ■  s  for  an  automatic  service 

tltuii  fui  .1  'I  the  saving 

ol  time  III  ,  well  .OS  in 

diaojnnectiiig   the  ciicuil  and   in.tkiiig  Irenh  (alls,  and 


'  the  reduction  in  the  number  of  errors  of  connection, 
which  are  obtained  by  the  use  of  the  automatic  system . 
Bt. -Lieut. -Colonel  'W.  A.  J.  O'Meara  {comtnuni- 
caUd) :  When  I  had  read  the  powerful  arguments 
advanced  in  the  pap>cr  in  favour  of  a  general  adoption  of 
the  automatic  system,  I  began  to  wonder  whether  some 
mistake  might  not  have  been  made  in  the  dating  of  the 
pap>er,  whether  indeed  1919  had  not  been  printed  thereon 
in  error  for  1909.  My  remarks  are  not  in  any  way 
intended  as  a  reflection  on  the  authors ;  I  only  call 
attention  to  the  matter  as  it  was  in  the  year  last 
mentioned  that  I  paid  a  visit  to  Canada  and  the  United 
States  of  America  and  had  the  advantage  of  hearing  the 
important  case  of  Automatic  versus  Manual,  even  at 
that  date  by  no  means  a  new  question,  argued  by  very 
able  counsel  on  both  sides.  I  was  fortunate  during 
my  said  visit  to  the  North  American  Continent  in  seeing 
and  investigating,  at  various  centres,  types  of  two 
full  automatic  systems  and  one  semi-automatic  system 
in  operation  under  practical  conditions  on  a  considerable 
scale-^the  two  largest  examples  of  the  automatic  seen 
by  me  were  at  San  Francisco  (with  35,000  subscribers' 
stations)  and  at  Los  Angeles  (with  23,000  subscril^rs' 
stations).  I  also  saw,  at  an  exhibition,  the  plant  designed 
for  the  purposes  of  two  other  automatic  s>'stems. 
looking  back  at  the  notes  that  I  made  at  that  period, 

,  I  find  that  at  the  date  of  my  visit  72  automatic  ex- 
changes had  already  been  completed  in  Canada  and 
the  United  States  of  America  and  seven  more  were 
under  construction — total  number  of  subscribers' 
stations  approximately  200,000.  I  left  America 
carrying  away  the  conviction  that  it  was  possible 
to  manufacture  and  install  automatic  and  semi- 
automatic equipments  which  were  mechanically 
and  electrically  already  so  rehablc  as  to  provide  an 
efficient  self-operatetl  telephone  service  :  this  opinion 
was  conveyed  by  me.  on  my  return  to  Ijindon,  to  those 
in  whose  hands  lay  the  decisions  in  relation  to  the 
telephone  services  of  the  British  Isles.  Subsequent 
to  1909,  and  before  the  outbreak  of  the  war,  I  saw 
further  .lutomalic  and  semi-automatic  equipments  in 
operation  in  Holland,  Sweden  and  Germany — the 
majority  of  these  were  of  the  same  types  as  those  which 
I  had  already  seen  in  America,  but  improved  in  many 
details— and  1  had  the  opportunity  of  once  more  dis- 
cussing the  automatic  situation  ;  this  time  with  mam" 

I    able  Continental  telephone  engineers — the  majority  of 

j  them  were  firmly  of  opinion  that  the  use  of  automatic 
equipments   must  spread    and   would  eventually  com- 

'  pletely  supplant  the  manual  sj'stem.  That  the  introduc- 
tion of  automatic  plants  has  made  such  slow  progress  in 
this  country  is  alone  attributable,  1  fear,  to  the  fact 
that  the  telephone  service  has  fallen  into  the  withering 
grasp  of  a  State  Dejxirtmcnt  in  which  even,"  problem, 

I  however  technical  or  scicntilio,  is  looked  upon  as  a 
purely  administrative  matter  ;  one  m  which  good  has 
always  been  licid  the  enemy  of  best.  If  the  public 
is  to  wait  until  the  most  perfect  automatic  equipment 

'  is  invented  and,  designed  liefore  the  introduction  of 
automatic  exchanges  is  seriously  taken  in  hand  in  this 

I  country',  and  p.irtirul.»rly  in  I»ndon,  there  will  indeed 
\k    room    for    many    further   jiajjers   dealing   with    the 

'  supcnor  merits  of   the  automatic  system  as  compared 
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with  the  manual  system,  for  a  very  considerable  number 
of  years,  aye  for  half  a  century  or  even  a  full  century^ 
to  come,  since  improvements  are  continually  being 
made  in  the  original  types  of  automatic  equipment 
and  entirely  new  systems  are  stiU  being  invented.  Only 
a  few  days  ago  I  was  privileged  to  see  a  private  branch 
exchange  in  operation  in  Austraha  House,  where  one 
of  the  latest  automatic  systems  has  recently  been 
installed  ;  I  need  hardly  say,  not  by  the  General  Post 
Office.  Many  telephone  users,  both  in  the  metropolis 
and  in  the  proxances,  have,  in  recent  times,  expressed 
to  me  their  preference  for  automatic  telephones  ;  they 
have  intimated  also  that  they  would  be  prepared  to 
pay  increased  rates  if  thereby  they  could  procure  a 
more  satisfactory  telephone  service  than  that  with 
which  they  have  had  to  put  up  during  the  past  half 
a  dozen  years.  I  may  also  state  that  many  telephone 
users,  when  discussing  the  situation,  have  shown 
considerable  irritation  owing  to  the  attitude  taken  up 
by  Government  officials  imputing  a  lack  of  intelhgence 
to  the  pubUc,  who  are  supposed  by  them  to  be  incapable 
of  pronouncing  any  opinion  of  real  \'alue  on  the  rela- 
tive merits  of  the  rival  systems  of  telephony — manual 
and  automatic.  The  pubhc  are  nowadays,  as  most 
people  are  aware,  very  wide  awake  and  have  many  and 
ample  means  of  obtaining  reliable  information  in  rela- 
tion to  all  technical  matters  which  affect  their  business 
or  professional  interests  ;  to  ignore  this  fact  is  to  burj' 
one's  head  in  the  sand.  Now  there  is  really  no  insuper- 
able difficulty  in  providing  a  telephone  service,  even  in 
so  large  an  extent  of  territory  as  the  present  London 
telephone  area,  completely  by  means  of  automatic 
equipments,  as  the  authors  of  the  paper  clearly  show. 
I  do  not  propose  to  discuss  here  the  question  of  the 
desirabihty  or  otherwise  of  retaining  the  present  London 
telephone  area.  It  is  by  no  means  essential  that  the 
contracts  for  the  whole  of  the  automatic  equipment 
required  for  London  should  be  let  to  one  single  firm  of 
manufacturers.  I  have  sufficient  knowledge  of  and 
confidence  in  British  telephone  engineers  and  manu- 
facturers of  telephone  equipments  to  predict  that 
methods  of  intercommunication  between  the  various 
practical  automatic  systems  could  be  satisfactorily 
worked  out  by  them,  as  commercial  propositions, 
were  they  called  upon  to  do  so.  The  question  of  turning 
over  the  telephone  service  of  London  to  the  automatic 
system  is,  as  the  authors  point  out,  largely  a  financial 
one,  and  they  have  indicated  directions  in  which  savings 
can  be  effected  on  the  traffic  side  to  compensate  for  the 
higher  cost  of  the  automatic  equipment  ;  but  it  seems 
to  me  that,  strong  as  is  their  case,  they  might  have  made 
it  stronger  stiU.  They  have  assumed,  for  the  purposes 
of  their  study  of  the  problem  relating  to  London,  that 
the  proposed  automatic  equipments  to  replace  the 
present  manual  equipments  are  to  be  installed,  in  every 
case,  in  the  existing  telephone  exchange  buildings. 
If  and  when  the  solution  of  the  problem  is  taken  in 
hand  it  is  needless  to  say  that,  for  practical  reasons, 
the  automatic  equipments  wiU  have  to  be  housed  on 
sites  other  than  those  now  in  use.  This  is  fortunate, 
for  it  affords  an  opportunity  for  taking  advantage  of 
the  peculiar  feature  of  the  automatic  system,  namely, 
that  the  grouping  of  the  exchange  equipment  connected 
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with  the  subscribers'  lines  is  in  no  way  limited  by  con- 
siderations affecting  operators'  positions  and  the  design 
of  a  switchboard  based  on  the  operator's  reach.  For  this 
reason  it  would  no  longer  be  necessary  to  adhere  to  the 
unit  exchange  of  10,000  lines  hitherto  adopted  in  the 
case  of  the  manual  system.  It  is  evident  that  advan- 
tages arise,  in  congested  areas,  from  the  grouping  of 
as  many  subscribers'  lines  as  possible  at  a  single  point. 
The  present-day  methods  of  fireproof  construction  in 
buildings  would  seem  to  justify  the  adoption,  in 
favourable  cases,  of  a  new  unit,  in  the  case  of 
automatic  exchanges,  of  50,000  Unes.  In  the  United 
States  of  America,  in  some  important  to^vns 
three  10,000  hne  manual  exchanges  have  in  the 
past  been  installed  in  a  single  building,  and,  as 
is  well  known,  in  the  exceptional  case  of  Hamburg 
a  single  exchange  was  built  for  and  accommodates 
80,000  subscribers'  hues  on  the  manual  system.  The 
50,000  line  unit  exchange  would  admit  of  a  more 
profitable  utihzation  of  the  building  site  than  is  the 
case  under  present  practice- — thus  reducing  the  charges  in 
respect  of  rent  per  hne — and  would,  at  the  same  time, 
afford  an  opportunity  for  a  more  advantageous  grouping 
of  junction  hues— thus  reducing  the  expenditure  in 
respect  of  this  item — a  matter  requiring  close  attention 
in  view  of  the  very  high  percentage  of  the  junction 
traffic  in  the  London  area  under  existing  arrangements. 
Further,  with  the  larger  unit  exchanges  the  cost  of 
engineering  supervision  would  be  reduced,  although 
per  contra  the  cost  of  the  substation  hne  plant  would  be 
slightly  increased.  I  venture  to  suggest  that  the  method 
of  locating  telephone  exchanges  almost  exclusively  in 
relation  to  the  distribution  of  substations  is  quite 
unsound  in  the  cases  of  exceptionally  large  telephone 
areas,  where  a  considerable  number  of  separate  exchanges 
must  necessarily  be  provided.  It  seems  to  me  that 
the  proper  way  of  dealing  with  the  problem  in  such 
cases  is  to  examine  the  situation  in  relation  both  to 
the  junction  hnes  needed  and  to  the  distribution  of 
the  substations.  The  correct  solution  of  the  problem 
can  alone  be  arrived  at  by  the  preparation  of  two  or 
more  comolete  lay-out  schemes  for  the  whole  area  in- 
volved and  by  figuring  out  the  fuU  costs  of  each  scheme 
in  respect  of  land  and  buildings,  exchange  and  sub- 
station equipment,  junction  and  substation  line  plant. 
When  this  is  done  the  annual  charges  for  interest  on 
capital,  depreciation,  materials  and  stores,  heating, 
lighting,  salaries  and  wages  of  administrative,  traffic 
and  engineering  staffs,  etc.,  in  respect  of  each  scheme 
can  be  ascertained  and  the  necessary  data  obtained  to 
show  which  of  the  schemes  is  the  most  profitable  from 
the  financial  point  of  view.  It  is  probable  that  the 
most  advantageous  scheme  would  be  found  to  be  one 
in  which  the  automatic  exchanges  are  located  at  im- 
portant intersections  of  main  thoroughfares  :  such  a 
location  of  the  exchanges  would  allow  of  junction  hnes 
being  laid  on  the  most  direct  and  shortest  routes  between 
the  several  exchanges.  The  present  situation  in  London 
cannot  be  considered  satisfactory  :  it  is  the  legacy  of 
an  unfortunate  Government  policy.  Fig.  1  shows 
that  there  are  at  the  present  time  in  the  Inner  London 
area  20  manual  exchanges  north  of  the  Thames  and 
10    similar    exchanges     south    of    the    river.      A    very 

14 
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curson-  examination  of  the  plan  leads  nic  to  believe 
that  the  situation  of  1929  a.d.  in  Inner  London  could 
be  satisfactorily  met  by  the  provision  of  10  automatic 
exchanges  of  50,000  lines  each  north  of  the  Thames 
and  four  automatic  exchanges  of  25.000  lines  each 
south  of  the  river.  These  14  exchanges  could  also 
probably  economically  accommodate  many  of  the  sub- 
scribers' lines  in  the  territorj-  adjacent  to.  but  outside, 
the  Inner  T>indon  boundary-  marked  on  the  plan  (Fig.  i). 
I   co:  •   the  proposed  unit  of  telephone  service 

on  p..  'cs  not  appeal  to  me  ;  the  introduction  of 

a  time  rate  m  relation  to  local  calls  brinffs^into  existence 
a  very  undesirable  element  of  uncertainty  as  to  one's 
liability  in  resjject  of  the  cost  of  the  telephone  ser\'ice. 
It  must  be  remembered  that  the  originator  of  the  call 
has  to  pay,  but  the  duration  of  the  call  may  be  entirely 
i!c]-K;ndcnt  u|X)n  the  fancy  of  the  person  called.  I 
.■if;ite.  however,  that  with  the  development  in  and 
extension  of  the  use  of  automatic  telephones  the  present 
tariff  rates  should  be  recast.  The  value  of  a  local 
telephone  service  depends  to  a  large  extent  on  the 
number  of  subscribers  with  whom  a  telephone  user 
can  communicate  in  return  for  the  tixed  sum  he  is 
called  upon  to  pay  for  a  block  of  local  calls.  The 
tarifl  scheme  which  would  most  appeal  to  the  small 
telephone  users  and  which,  it  seems  to  me,  would  best 
meet  the  public  convenience  from  all  points  of  \ie\v, 
would  l>e  one  which  was  so  elastic  as  to  permit  the 
subscribers  to  pay  for  their  blocks  of  local  calls  at  rates 
varying  in  relation  to  the  facilities  placed  at  their  dis- 
posal. For  example,  if  the  I^ndon  telephone  area 
were  to  be  diNided  into  regions  of.  say.  50.000  substations 
each,  a  subscriber  might  be  permitted  to  pay  at  various 
fixed  rates  for  blocks  of  local  calls  either  for  originated 
calls  exclusively  to  subscribers  in  his  own  region,  or 
for  originated  calls  to  subscribers  in  one  or  more  refiions 
in  addition  to  that  in  which  his  own  substation  was 
situated  Every  subscriber  would  naturally  under  such 
a  scheme  obtain  any  seirices  additional  to  those  provided 
for  by  the  fixed  rates  on  payment  of  the  appropriate 
junction  call  fees.  etc.  In  conclusion.  I  sincerely  hope 
that  the  paper  will  bear  fruit.  The  question  of  providing 
I^ndon  with  a  telephone  service  on  the  automatic 
system  is  a  pressing  one,  and  a  complete  investigation 
of  the  problems  involved  is  of  immediate  importance  ; 
admitte<lly  there  are  cons  as  well  as  pros  to  be  taken  info 
account.  It  would  seem  to  be  the  function  of  the 
administrative  and  traffic  staffs  of  the  State  Telephone 
Scrx'icc  to  put  forward  arguments  against  the  automatic 
jtyBtem,  and  it  would  then  fall  to  the  technical  staff 
to  meet  the  objections  raise<l.  This  done,  it  would 
eventually  be  for  the  Minister  responsible  for  our  tele- 
phone »rr>'ice»  to  determine  whether  the  case  for 
automatic  telephones  had  "  proved  in."  Should  he 
require  .^»M»tance  to  decide  the  point,  there  are  available, 
fortunately,  competent  telephone  experts  who  are  not. 
•  never  been,  in  the  State  Service  ;  they 
'  empanelled  as  a  jury  and  could  be  relied 
upijii  to  icturn  a  just  and  true  verdict. 

Mr  P  O.  Petiifor  [fomtnunualeJ)  :  The  telephone 
unit  nyilem  of  charging  rcferre<l  to  by  the  authors 
would  be  an  impr<ivement  on  the  present  method  of 
charging,  even  although  the  metcm  were  located  at  the 


exchange,  but  it  would  undoubtedly  be  a  great  advantage 
from  the  subscriber's  point  of  view  to  locate  the  meter 
on  his  premises.  The  electric  light  user  referred  to  by 
the  authors  has  some  consolation  in  having  the  meter 
on  his  premises,  inasmuch  that  he  can,  if  he  so  desires, 
check  his  consumption  day  by  day.  I  would  suggest 
that  in  any  re-numbering  of  subscribers'  lines  that  may 
take  pl.ice.  certain  terminal  digits  should  be  allocated 
to  the  pubUc  sen-ice.  such  as  "  Fire.  Ambulanco," 
etc..  with  the  eventual  idea  of  uniformity  of  such 
digits  throughout  the  Kingdom.  Speaking  as  one 
engaged  on  the  manufacturing  side.  I  should  like  to 
empliasize  a  point  referred  to  by  the  authors,  regarding 
the  capital  costs  of  automatic  equipments.  Such  costs 
can  only  be  brought  down  by  the  Authorities  ordering 
equipments  of  standardized  tj'pe  in  such  numbers  as 
will  induce  the  manufacturers  to  lay  themselves  out  for 
the  work.  This  is  a  new  branch  of  industry  in  this 
countrA'.  and  it  is  an  excellent  opportunity  for  it  to 
be  started  on  the  right  Unes. 

Messrs.  E.  A.  Laidiaw  and  W.  H.  Grinsted  {in 
reply,  communicated)  :  We  attempted  to  bring  forward 
in  our  paper  in  as  broad  as  fHJSsible  a  manner  the  changes 
which  have  been  brought  about  by  the  war  in  the  main 
factors  of  the  provision  of  telephone  service  in  large 
cities.  We  dealt  with  the  matter  on  a  broad  engineering 
basis,  and  tried  to  avoid  any  reference  to  particular 
systems  of  manual  or  of  mechanical  switching,  and 
any  mention  of  matters  proper  only  to  the  administra- 
tion, and  of  commercial  or  technical  questions  affecting 
only  particular  manufacturers.  We  feel  that  we  should 
use  the  same  discretion  in  replying  to  the  discussion,  and 
so  do  not  propose  to  deal  with  those  contributions  which 
introduce  matters  related  to  the  capabiUties  of  different 
manufacturing  firms,  the  alleged  shortcomings  of  the 
present  tariffs  and  service,  and  the  policy  of  the  General 
Post  Office. 

Among  the  matters  coming  within  the  scope  of  the 
paper,  Mr.  Hedley  and  Mr.  Anson  confirmed  and 
amplified  the  figures  given  showing  the  improved 
quality  of  service  afforded  by  the  automatic  system. 
These  results,  based  upon  the  careful  service  observa- 
tions of  the  Post  Office,  as  well  as  Mr.  Baldwin's  gener.il 
remarks  upon  the  same  subject,  strongly  supjx)rt  our 
statements.  Mr.  Cook  emphasizes  the  importance  of 
service  observations  and  fears  that  sufficient  attention 
is  not  being  directed  to  this  question.  Even  if  the 
numerous  figures  relating  to  automatic  equipments 
given  in  the  paper  were  not  sufficient  to  indicate  the 
attention  which  is  being  paid  to  service  observation, 
we  tliink  Mr.  Anson's  and  Mr.  Medley's  remarks  show 
that  the  Post  Office  arc  fully  alive  to  its  importance. 

Mr.  Ward  commented  on  our  remarks  with  regard 
to  the  desirability  of  increasing  the  exchange  voltage, 
and  quoted  an  example  from  his  cxj-ierience,  which 
tended  to  show  that  a  lower  insulation  w.is  experienced 
on  wires  maintained  at  «>o  volts  than  on  those  maintained 
at  3<i  volts.  <lur  exi»nencc  does  not  confirm  Mr. 
Ward's  in  tlii.s  respect  We  do  not  know  whether  he 
has  any  cxpl.in.itinn  to  offer  of  the  difference  noticed 
by  him.  I'ossilijy  it  may  lie  in  the  |xilarity  of  the  two 
lines  :  if  both  were  negative,  the  conductor  at  the  lower 
(more  negative)  potential  might  be  expected  to  show 
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a  lower  insulation  to  earth.  The  following  figures  are 
summarized  data  collected  from  nine  representative 
exchanges,  totalUng  nearly  16,000  lines  : — 


way  as  long  as  only  a  pair  of  wires  can  be  provided 
for  each  Une. 

Several  speakers  commented  on  the  financial  aspect. 


Percentage  Number  of  Lines  having  an  Insulation  Resistance  between  the  Wires  of  the  Loop. 


6  24-volt  Exchanges 
3  36-volt  Exchanges 


Less  than 
o*5  Megohm 


Per  cent 
28 


31-5 


Less  than 
o'4  Megohm 


Per  cent 
22  '4 


Less  than 
0*3  Megohm 


Per  cent 

17 


Less  than 
o*2  Megohm 


Per  cent 

IO-5 
4-5 


Less  than 
o'l  Megohm 


Per  cent 

6 
2-6 


Less  tbaa 
o'o6  Megobni 


Per  ceQt 
2 


Questions  of  tariffs  and  metering  were  touched  on 
by  several  speakers.  We  should  perhaps  have  made 
it  clearer  that  the  device  we  have  in  mind  for  including 
the  time  element  in  recording  the  service  rendered  to 
a  subscriber  is  a  simple  apparatus  based  upon  electro- 
chemical principles,  the  record  depending  upon  the 
time  it  is  in  circuit  and  the  strength  of  the  current, 
which  is  regulated  according  to  the  rate  at  which  the 
call  is  to  be  charged.  We  think,  therefore,  it  is  not 
open  to  the  objection  of  compUcation  raised  by  Mr. 
Anson  and  Mr.  Aitken.  It  seems  probable  that  the 
general  adoption  of  automatic  working  will  call  for 
some  change  in  the  basis  of  the  tariffs.  The  return  to 
the  flat  rate  proposed  by  Mr.  Aitken  certainly  demands 
some  restriction  on  the  number  of  calls  passed  over  one 
line.  For  this  reason  we  are  incUned  to  think  that 
neither  the  flat  rate  nor  the  restricted  service  measured 
rate  outlined  by  Colonel  O'Meara  will  prove  to  be  the 
ultimate  scheme.  The  soundest  and  most  businesslike 
principle  from  the  commercial,  economical  and  technical 
points  of  view,  seems  to  us  to  be  to  offer  the  public 
every  facihty  for  making  use  of  the  telephone  service 
and  charge  them  according  to  the  use  they  make  of  it. 
The  flat  rate  asks  the  subscriber  to  pay  according  to 
the  facihties  provided  rather  than  according  to  the  use 
he  makes  of  them.  A  restricted  measured  rate  restricts 
the  facilities  offered  and,  if  graded  according  to  the 
range  over  which  the  fixed  rates  apply,  also  requires 
pa^inent  according  to  the  facilities  rather  than  according 
to  the  use  made  of  them.  Obviously,  there  is  a  limit 
to  the  appUcation  of  this  principle — the  minimum 
charge  made  must  be  sufficient  to  provide  a  reasonable 
return  on  the  capital  expenditure  involved  in  providing 
the  faciUties  offered  the  subscriber.  The  reduction  in 
rates  for  the  slack  periods  of  the  day  suggested  in  con- 
nection with  the  "  unit  of  telephone  service  "  would, 
we  think,  appeal  at  least  as  strongly  to  the  small  user 
as  the  restricted  service  outlined  by  Colonel  O'Meara. 
We  do  not  think  his  objection  that  the  charge  would 
depend  entirely  upon  the  fancy  of  the  person  called 
would  be  serious,  as  the  calUng  subscriber  can  clear 
the  connection  at  any  time  and  so  cause  the  meter  to 
cease  recording. 

Several  members  referred  to  the  desire  to  have  the 
meter  at  the  subscriber's  end  of  the  line.  This  is  an 
ideal  which  we  are  afraid  will  never  be  realized,  on 
account  of  the  technical  difficulties  which  stand  in  the 


Mr.  Kingsbury  and  Mr.  Cook  were  anxious  lest  the 
Administration  should  embark  on  the  general  introduc- 
tion of  automatic  working  without  a  carefully  prepared 
estimate  of  the  costs.  We  do  not  think  they  need  have 
any  fear  of  a  Government  Department  doing  anything 
so  rash.  We  appreciate  and  made  it  clear  that  such 
an  estimate  would  have  to  be  prepared,  although,  as 
they  both  agree,  it  was  impossible  for  us  to  undertake 
its  preparation  and  presentation  in  the  paper.  With 
regard  to  the  high  first  cost  of  automatic  equipment, 
of  which  Mr.  Cook  complained,  the  most  effective  way 
of  bringing  about  a  reduction  is  through  an  increase 
in  production.  A  manufacturer  has  not,  as  Mr.  Cook 
imphed,  any  particular  wish  to  bring  about  the  adoption 
of  automatic  working.  He  is  quite  content  as  a  manu- 
facturer to  supply  what  is  demanded,  at  the  same  time 
keeping  watch  on  current  tendencies  so  that  he  may  be 
in  a  position  to  meet  altered  demands  in  the  future. 
Mr.  Pettifor's  remark  that  the  cost  can  only  be  brought 
down  by  the  Authorities  ordering  standardized  equip- 
ments in  sufficient  numbers  to  induce  manufacturers 
to  lay  themselves  out  for  the  work,  illustrates  the 
manufacturer's   standpoint. 

Even  the  financial  comparison,  however,  is  not  the 
sole  deciding  factor.  An  administration  dare  not 
continue  on  a  course,  although  estimates  show  it  to 
be  financially  advantageous,  if  the  trend  of  events  is 
such  that  it  is  obvious  that  this  course  will  have  to  be 
abandoned  in  the  near  future  on  account  of  the  growth  of 
the  undertaking,  the  pubhc  demand  for  a  superior  service, 
or  for  other  reasons.  In  such  a  case  it  is  proper  for  admin- 
istrations to  meet  the  increased  charges  incurred  in  adopt- 
ing the  more  progressive  scheme  by  an  increase  of  the 
rates.  Mr.  Johnson  and  other  speakers  gave  it  as 
their  opinion  that  the  subscribers  would  raise  no  objec- 
tion to  an  increase  for  such  a  reason.  In  our  opinion, 
and  apparently  Mr.  Anson  and  Mr.  Johnson  agree  with 
us,  the  introduction  of  automatic  working  is  hkely 
to  prove  to  be  an  illustration  of  this  point,  for  it  seems 
very  doubtful  indeed  whether  the  manual  system  is 
capable  of  meeting  the  requirements  of,  say,  10  years 
ahead,  and  10  years  is  a  short  period  where  the  conversion 
of  the  telephone  system  of  a  large  city  is  concerned. 

It  was  this  feeling  which  caused  us  to  introduce  the 
argument  about  which  Sir  Wilham  Shngo  wished  to 
cross  swords  with  us,  namely,  that  the  rate  of  deprecia- 
tion adopted  for  manual  plant  should  be  increased  in 
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vievf  of  its  approaching  obsolescence.  Possibly  we 
did  not  make  our  point  as  clear  as  we  might  have  done. 
It  is  not  a  question,  as  Sir  William  puts  it,  of  shortening 
the  life  of  existing  manual  plants  to  get  an  increased 
depreciation  account  to  pay  for  the  automatic.  What 
we  have  in  mind  is  a  case  in  which  the  two  alternatives, 
manual  and  automatic,  arc  being  compared  for  new 
work.  Ten  years  ago  there  would  have  been  no  question 
that  the  rate  of  depreciation  for  the  manual  equipment, 
taken  in  the  comparison,  could  have  been  based  upon 
its  properly  estimated  economic  life.  At  the  present 
date,  howexTr,  owing  to  the  tendencies  discussed  in 
our  i">aper.  and  the  doubt  whether  manual  plant  is 
capable  of  meeting  the  requirements  of  the  near  future, 
it  would  be  a  wise  precaution  to  allow  for  a  shorter 
life  for  the  new  manual  plant  than  would  have  been 
allowed  lo  years  ago.  To  borrow  an  illustration  from 
hfe  insurance,  in  fixing  the  depreciation  for  a  manual 
sj-stem  now  we  are  insuring  a  "  bad  hfe,"  and  the 
premium  for  new  risks  undertaken  in  this  class  of  business 
should  be  higher  than  they  were  when  manual  plants 
were  "  good  hves."  Unless  some  such  precaution  is 
taken,  the  depreciation  account  will  be  inadequate  when 
the  events  happen  which  we  and  all  the  speakers  agree  to 
be  imminent.  This  will  be  a  serious  situation  and  one 
which  should  have  been  foreseen  and  provided  against. 
Deahng  with  the  section  headed  "  Technical  Problems 
of  Automatic  S>'steras  in  l^arge  Cities,"  several  speakers 
referred  to  the  numbering  scheme.  It  is  remarkable 
how  the  objections  to  the  use  of  numbers  with  more 
than  four  digits,  or  more  generally  speaking,  of  designa- 
tions with  more  than  four  symbols,  have  disappeared. 
Both  Sir  William  SUngo  and  Mr.  Johnson  have  testified 
to  the  salisfactorA'  experience  with  five  digits  at  Leeds, 
and  Mr.  Kingsburj'  agrees  that  for  automatic  o|>cration 
we  may  give  way  to  the  necessities  of  the  situation  and 
adopt  a  four-,  five-,  or  six-digit  numl>er.  This  cmlx)ldens 
us  to  suggest  as  the  way  out  of  the  difliculty  he  raises 
due  to  the  number  of  subscribers  growing  beyond  the 
allowance  : — Why  not  a  seven-symbol  number  ?  This 
would  make  it  possible  to  allot  100,000  numbers  where 
we  have  allotted  only  10,000,  and  for  the  case  he  quotes, 
vii.  Mcrstham,  10,000  numbers  where  the  ultimate  is 
422  hnes.  The  |x>ssibility  of  the  allowance  of  numbers 
being  exceeded  then  becomes  ncgligilile.  lie  suppcsts 
that  the  carrying  out  of  a  stliemc  for  London  would  be 
facilitatctl  by  rc<lucing  the  size  of  the  I^ondon  telephone 
area.  The  difliculty  is  to  decide  where  to  make  a  division 
which  would  be  eflective  and  yet  not  involve  an  economi- 
cally unmanageable  volume  of  cross-boundary  traffic. 
Mr.  Prcccc  suggested  letters  throughout  instead  of 
numbers.  Wc  doubt  very  much  whether  sul>scribers 
would  appreciate  the  weird  code  words  which  would 
rccult.  Any  fmbination  of  numbcni  makes  sense  ;  must 
combinatior  make  nonsense     Mr.  Anson's  sug- 

gettion  t'l  :.:  ■    niimlicnng  schrnic  in  such  a  way 

that  an  '  '  ixW  ran  be  Bulistitute<l  for,  and  dialled 

a*,  the   :  .   symlxil-s,  is  an   ingrnious  mrtliod    <>( 

mccUng  the  numl>cr  changing  difliculty  and,  further 
dc\'rlo|>ed  to  give  greater  flcxit^lity,  might  lead  to  a 
•chrme  which  it  almoat  ideal,  namely,  one  in  which 
cxmting  CXI  I  'tii  and  nunilicm  might  be  retained 

to  a  very  !■  t.     We  doubt,  however,  whetlicr 


it  would  be  possible  to  find  10  letters  from  which  codes 
representing  the  existing  exchange  names  could  be  made 
up  ;  probably  it  would  be  necessary'  to  assign  more 
than  one  letter  to  each  space  on  the  dial.  Further,  if 
the  seven-symbol  number  were  adopted,  three  letters 
would  be  required  for  the  exchange  code  in  order  that 
the  existing  four-figure  number  might  be  retained.  This 
would  mean  assigning  possibly  three  letters  to  each 
space  on  the  dial,  and  a  practical  difliculty  then  crops 
up,  for  the  space  is  restricted  and  it  would  not  be  easy, 
particularly  for  persons  with  bad  sight,  to  pick  out  the 
letters.  With  the  regional  name  as  proposed  by  us,  or 
a  single  letter,  it  would  be  possible  to  remember  the 
positions  of  the  names  or  letters  on  the  dial,  and  further, 
the  names  or  letters  would  be  more  easily  recognizable 
with  bad  light  or  poor  sight.  Experience  only  will  -.how 
which  scheme  will  prove  to  be  the  most  advantageous, 
but  we  feel  that  an  exchange  code  scheme,  although 
it  presents  advantages  for  the  transition  penod,  will 
not  be  the  most  satisfactory'  for  the  ultimate  conditions. 
Perhaps  we  are  too  revolutionary  in  desiring  to  adopt 
at  once  what  seems  to  be  the  best  for  those  conditions  ; 
but  even  with  an  exchange  code  scheme,  we  still  think 
it  would  be  desirable  to  change  all  directory  entries 
at  once,  some  time  prior  to  the  opening  of  the  first 
automatic  exchange,  in  order  that  all  subscribers,  those 
remaining  manual  as  well  as  those  becoming  automatic, 
might  become  acquainted  with  the  new  designations. 
No  matter  what  scheme  is  adopted,  the  Bumbers  in 
the  first  thousand  must  be  changed  or  prefixed  with 
zeros,  and  number  -  changing  due  to  re-arrangement 
of  the  areas  to  obtain  the  maximum  economy  from 
the  automatic  system  will  alwaj's  be  necessary. 
It  seems  to  us  far  more  desirable  to  effect  as  much 
as  possible  of  this  number  -  changing  prior  to  the 
introduction  of  the  automatic  system.  Mr.  Aitken  will 
notice  that  the  method  of  private-branch-exchange 
operating  which  we  propose  does  not  involve  the  dialling 
of  seven,  eight,  or  nine  figures.  The  practice  of  dividing 
the  number  into  syllables  as  he  mentions  has  been  in 
general  use  in  France,  even  on  manual  equipments,  and 
is  undoubtedly  helpful.  We  think  the  registering 
device  he  projwses  will  not  be  found  nccessan,'  or  very 
acceptable  by  subscribers. 

Colonel  Ogilvie  commented  on  the  increase  in  junction 
plant  necessary  if  junction  groups  are  limited  to  10 
lines.  There  is  no  reason  why  they  should  be  limited 
to  10.  There  are  several  methods  developed  and  others 
in  the  course  of  development  which  overcome  this 
difliculty.  This  also  replies  to  Mr.  Medley's  inquiry 
regarding  large  groups  of  private-battery -exchange 
lines.  He  also  referred  to  the  service  difliculfics  and 
exjK-nse  hkcly  to  be  incurred  during  the  transition 
jxiriod.  In  our  opinion  there  is  no  doubt  whatever 
that  these  difficulties  and  cxpeii.scs  will  have  to  be 
fated,  and,  as  we  have  pointed  out  in  the  paper,  there 
IS  never  likely  to  Ix-  a  better  <>i>por)uni1y  than  now. 
Certainly,  the  longer  they  arc  put  ofl,  the  larger  they 
will  become. 

Mr.  Hcdley  aske<l  for  more  details  concerning  the 
metenng  of  intimator  calls.  These  arc  to  all  intcnta 
and  purposes  automatic  calls  and  can  l>c  metered  auto- 
matically  in  the  .same  way  as  a  completely  .iiitomatic 
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call,  i.e.  depending  upon  the  called  subscriber's  reply. 
He  also  suggested  that  with  the  scheme  advocated  by 
us  for  dealing  with  manual  to  automatic  calls,  a  hne 
might  be  picked  up  by  a  switch  during  the  period  which 
elapses  between  the  operator  testing  and  plugging  in  ; 
this  period  is  extremely  short.  The  manual  system  is 
open  to  the  same  possibihty  of  another  "  B  "  operator 
plugging  in  during  this  period,  but  no  practical  difficulty 
is  experienced.     The  great  advantage  of  scheme   3   is 


that  it  uses  up  available  replaced  plant  and  avoids  the 
purchase  of  a  very  large  quantity  of  new  plant  of  a 
special  nature  which  will  only  be  in  use  for  the  transition 
period.  With  regard  to  the  change  in  subscribers' 
numbers,  we  cannot  agree  that  the  difficulties  or  the 
risk  of  changing  numbers  twice  will  be  any  greater  with 
a  well-thought-out  scheme  appUed  as  a  whole  than 
with  piecemeal  changes  spread  over  the  whole  of  the 
transition  period. 


A  DEVICE  FOR  THE  RAPID  DETERMINATION  OF  THE  CURRENT 
DISTRIBUTION  ON  THE  LINE  SIDE  OF  A  THREE-PHASE  INTER- 
CONNECTED-STAR  STATIC  BALANCER  OPERATING  ON  A  FOUR- 
WIRE    SYSTEM.* 

By  S.  Austen  Stigant,  Associate  Member. 

[Paper  first  received  19  March,  and  in  final  Jorrri   10  May,   1919.) 


Introduction. 

With  the  increasing  necessity  for  the  installation  of 
three-phase  interconnected-star  static  balancers  supply- 
ing unbalanced  single-phase  loads  from  line  to  neutral, 
it  naturally  becomes  of  more  frequent  necessity  to 
determine  the  current  distribution  on  the  line  side  of 
the  balancer  in  order  to  ascertain  whether  or  not  existing 
cables  will  be  capable  of  carrying  any  additional  contem- 
plated load.  The  purpose  of  this  communication  is 
to  describe  a  device  which  will  facilitate  the  determina- 
tion of  the  line  currents  under  different  loading 
conditions  and  so  render  the  complete  operation  of 
but  a  few  minutes'  duration. 

Completely  to  illustrate  the  principles  upon  which 
the  device  is  based,   graphical  solutions  are  included. 

Conditions  of  Loading. 

The  loads  supplied  (which  are  throughout  assumed 
to  be  at  unity  power  factor)  may  be  any  of  the  following, 
as  shown  in  Fig.  i  : — 

(a)  One    single-phase    load    only    from    one    line    to 

neutral. 
(6)   Two    single-phase    loads    from    lines    to    neutral, 

which  loads  may  be  either  equal  or  unequal, 
(c)    Three  single-phase  loads  from  each  line  to  neutral, 

which   loads   may   be    either   all   equal   or   all 

unequal. 

Case  (a). — The  top  diagram  in  Fig.  i  illustrates  case 
(o)   where  an  assumed  load  of  100  amperes  is  supplied. 

•  The  Papers  Committee  invite  written  communications  (with  a  view  to 
publication  in  the  Journal  if  approved  bv  the  Committee)  on  papers  published 
in  the  Journal  without  beine  read  at  a  meetmg.  Communications  should  reach 
the  Secretary  ol  the  Institution  not  later  than  one  month  alter  publication  of 
the  paper  to  which  they  relate. 


As  the  load  is  single-phase,  arithmetical  quantities  only 
have  to  be  dealt  with. 
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Case  "c" 
Fig.  I. 

The  problem  can  most  easily  be  handled  by  assuming, 
to  commence  with,  that  the  outgoing  full-load  current 
of    100   amperes   traverses  line    a,  passing   on   to   the 
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load  to  be  supplied.  The  neutral  wire  carries  the  full 
x-alue  of  the  load  current,  which  latter  divides  up, 
on  reaching  the  neutral  point  of  the  balancer,  into 
33J  amperes  in  each  phase  winding  and  returns 
to  the  generator  in  equal  amounts  tlirough  the 
three     line- wires     a,     b,    and    f.      Line    a,     however. 


Fig.  2a. 


KiG.  in. 


already  carries  100  amperes  in  an  opposite  direction, 
so  that  the  net  result  in  this  line  is  100  —  33^=66! 
amfwres.  The  other  two  lines  each  carry  33  J  amperes. 
With  one  single-phase  load  this  ratio  between  the 
actual  currents  in  the  three  lines  always  remains  the 
same,  i.e.  in  the  line  from  wliich  the  load  is  connected 


both  of  which  are,  however,  closely  allied.  The  one  is 
to  treat  each  load  separately  throughout  the  entire 
circuit,  knowing  from  the  method  indicated  in  case  (a) 
the  proportion  of  current  carried  by  the  non-loaded 
phases  in  each  case,  and  to  combine  the  currents  vec- 
torially  (in  each  line  wire)  which  result  from  the  two 
loads.  The  neutral  current  must  then  be  found  separ- 
ately, by  vector  addition  of  the  separate  load  currents 
which  flow  in  the  neutral  wire.  This  is  the  method 
upon  which  the  current-calculating  de\'ice  is  based. 

The  other  method  is  first  to  find  the  neutral  current 
as  above  and  vectorially  combine  one-third  of  this 
With  each  of  the  normal  full-load  currents  in  the  three 
line-wires,  a,  b,  and  c.  The  results  obtained  are 
identical. 

Figs.  2A  and  2B  illustrate  the  two  methods ;  in 
Fig.  2A  the  load  currents  are  assumed  to  be  unequal, 
100  and  60  amperes  respectively,  while  in  Fig.  2B  they 
are  taken  as  being  100  amperes  each. 

It  will  be  noticed  that  in  the  case  of  equal  loads  the 
neutral  current  is  of  the  same  value  as  the  currents 
on  the  load  side  of  the  balancer  and  displaced  120° 
from  each  of  them  ;  the  currents  in  the  line  wires  a, 
b,  and  c,  bear  the  fixed  ratios  to  one  another  of  88  •  I 
per  cent  in  each  of  the  two  loaded  phases  and  33  J 
per  cent  in  the  unloaded  phase.  These  percentages 
are  in  terms  of  the  current  in  each  load. 

Relative  niaximum  loading  of  the  neutral  wire  (and 
also  of  the  balancer)  occurs  with  either  one  load  only 
from  line  to  neutral  or  with  two  equal  loads. 

As  case  (c)  offers  more  scope  for  explanations  of  the 
vector  diagrams,  case  (6)  is  not  dealt  with  in  detail. 
Precisely  the  same  remarks  apply  in  general  as  for 
case  (c). 
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Case  (c). —  Figs.  3A  and  3B  .show  the  two  methods 
previously  referred  to.  In  the  first  method.  Fig.  3A 
(ujwin  which  the  device  is  based),  we  will  follow  the 
complete  path  of  e.ich  lo.id  current  Krparatcly,  and 
a-isumc  the  ciirrrnt!i  on  the  load  side  of  the  balancer 
to  be:    phase  ,\^ioo  amperes,  phase  8  =  50  amperes. 


LINE  SIDE  OF  A  THREE-PHASE  INTERCONNECTED-STAR  STATIC  BALAN'CEI 


•203 


and  phase  C  =  loo  amperes.  These  currents  are  repre- 
sented by  O  A,  O  B.  and  O  C  respectively,  in  the  vector 
diagram,  being  in  phase  with  the  voltage  to  the  neutral 
in  each  case  and  therefore  spaced  120°  apart. 

Then,  due  to  the  load  across  phase  A,  the  current 
in  line  a  is  equal  to  two-thirds  of  O  A  and  is  represented 
by  O  A,,  while  the  currents  in  lines  b  and  c  equal  one- 
third  of  O  A  and,  flowing  in  opposite  direction  to  O  A,, 
are  represented  by  O  B^  and  O  C;..  Due  to  the  load 
across  phase  B  the  current  in  line  h  equals  tivo-thirds 
of  O  B  and  is  represented  by  O  Bj,  and  in  lines  a  and 
c  the  current  equals  one-third  of  O  B  and  is  represented 
by  O  A,  and  O  C3.  Similarly  with  phase  C  the  current 
in  line  c  due  to  its  load  is  represented  by  O  Ci,  and  in 
lines  a  and  b  by  O  A3  and  O  Bj  respectively. 

Tabulated,  the  currents  so  far  in\olved  are  : — 

In  line  wire  a. 

O  Ai  =  66-66  amperes, 

OA,  =  i6-66         ,,       ,  leading  O  Aj  by  60°. 

OA3  =  33-33         ,,       ,  lagging  O  A,  by  60°. 

In  line  wire  b. 

O  Bi  =  33-33  amperes, 

OB,  =  33-33         „       ,  lagging  O  B.  by  60°. 

OB3  =  33-33         ,,       ,  leading  O  B,  by  60°. 

In  line  wire  c. 

O  Ci=66-66  amperes, 

O  C,  =  33-33         „       ,  leading  O  Ci  by  60°. 

O  C3  =  16  •  66         , ,       ,  lagging  O  Cj  by  60°. 

Combining  O  Aj,  O  A,  and  O  A3  as  shown,  gives  O  Ar 

which  scaled  *  =  93'0. 
Combining  O  Bi,  O  B,  and  O  Bj  as  shown,  gives  O  Br 

which  scaled  =66-6 
Combining  O  Ci,  O  C,  and  O  Cj  as  shown,  gives  O  Cr 

which  scaled  =93 -o. 

cos^A=0'987;    cos^B=i  ;    cosf?c  =  o-987  scaled.* 

The  neutral  current  is  obtained  in  a  similar  manner 
by  adding  vectorially  the  three  load  currents  O  A,  OB 
and  O  C  assumed  to  be  flowing  towards  the  neutral 
point.  The  value  so  obtained  is  represented  by  O  N 
as  shown  in  Fig.  3B,  and  equals  50  amperes.  In  the 
second  graphical  method.  Fig.  3B,  the  neutral  current 
is  first  determined  as  above.  This  current  on  reaching 
the  neutral  point  of  the  balancer  divides  up  into  one- 
third  of  its  value  in  each  phase,  being  represented  by 
O  Ni,  and  flows  back  along  lines  a,  b  and  c.  In  this 
case  the  actual  current  in  line  a  is  the  resultant  of  O  A 
and  O  Nj  which,  as  in  the  previous  graphical  case,  is 
represented  by  O  Ar.  Similarly  O  Br  is  the  resultant 
of  O  B  and  O  N,  while  O  Cr  is  the  resultant  of  O  C 
and  ONj. 

The  Device. 

As  the  relative  quantities,  and  consequently  the 
scales  involved  in  the  determination  of  the  line  and 
neutral  currents,  are  somewhat  different,  to  avoid 
possible  confusion  the  device  has  been  made  double- 
sided,  the  one  side  determming  line  currents  and  the 
other  the  neutral  current. 

Fig.  4A  shows  the  former  and  Fig.  4B  the  latter. 

The  aim  throughout  has  been  to  design  the  device 

*  The  vector  diagram  being  set  out  inside  a  6-inch  diameter  circle. 


so  that  the  values  dealt  with  are  the  normal  load 
currents  only  and  entirely  to  eliminate  the  introduction 
of  all  confusing  factors,  such  as  sines  and  cosines  of 
angles  and  fractions  of  the  load  currents  as  are  involved 
in  the  mathematical  and  graphical  analysis. 

Line  currents.  Construction. — The  current  in  each 
line  a,  b  and  c,  is  determiaed  separately  by  means  of 
the  three  sets  of  scales  forming  the  "  star  "  clock 
diagram,  each  of  which  scales  extend  bej-ond  the 
neutral  point.  Decide  first  the  range  of  load  currents 
with  which  the  device  must  deal,  describing  a  circle, 
with  the  maximum  value  settled  upon,  to  some  suitable 
scale,  as  radius.  That  sho^vn  has  a  maximum  range 
of  100  amperes  and  was  originally  constructed  so  that 
10  amperes  =  i  cm.,  i.e.  the  circle  was  of  10  cm.  radius. 
Lay  out  three  equally  spaced  (120°  apart)  radial  lines, 
viz.  A,  B,  C,  in  the  key  diagram  Fig.  5A,  and  extend 
these  lines  one-third  of  the  radius  in  length  bej-ond  the 
centre  or  neutral  point.  As  the  three  sets  of  scales 
subsequently  built  up  on  lines  \,  B,  and  C  are  identical, 
the  following  remarks  describe  one  of  them  (for  phase 
A)  only. 

On  the  left-hand  side  of  line  A  set  out  the  scale  (d) 
of  load  currents  pre\dously  decided  upon,  the  centre 
of  the  circle  being  zero.  On  the  same  side  of  the  line 
but  below  the  centre  construct  a  similarly  graduated 
scale  (e)  which  will  give  a  maximum  reading  of  one- 
third  of  scale  ((i).  On  the  other  side  of  line  A  and 
adjacent  to  scale  {d)  construct  a  scale  (/)  equal  in  length 
from  the  centre  outwards  to  two-thirds  the  length  of 
(d),  but  graduated  to  give  the  same  maximum  reading. 
Referring  to  the  device  originally  constructed  by  the 
author,  this  scale  (/)  was  consequently  dra^vn  6-66  cm. 
in  length,  15  amperes  =  i  cm.  On  the  same  side  of 
liae  A  but  below  the  centre  draw  the  scale  (g)  adjacent 
to  (e)  and  so  graduated  as  to  give  a  maximum  reading 
of  six  times  that  of  scale  (e),  though  in  actual  length 
{g)  and  (e)  are  the  same,  viz.  one-third  of  the  radius. 
Assuming  these  four  scales  to  have  all  been  constructed 
on  each  of  the  three  radial  lines  A,  B,  and  C  (Fig.  5A), 
the  next  step  is  to  project  a  series  of  parallel  lines 
running  from  each  division  and  on  either  side  of  scale 
(e)  to  the  circle  touching  the  extremities  of  scales  (d). 
These  series  of  lines  are  drawn  parallel  to  the  two 
remaining  radial  lines,  i.e.  in  the  case  of  the  (e)  scale 
of  phase  A  the  series  of  lines  are  drawn  parallel  to  lines 
B  and  C  as  indicated  at  {h)  and  (/ii).  These  scales  are 
marked  round  the  circle  periphery  to  embrace  the 
same  maximum  readings  on  either  side  of  the  radial 
lines  A,  B,  and  C,  as  scale  {d)  ;  the  zero  being  at  the 
intersection  of  lines  A,  B  and  C  with  the  circle.  The 
scales  are  further  marked  with  the  letters  A,  B  or  C 
as  indicated  on  the  completed  drawing.  The  final 
scales  (k)  to  be  dra%vn  are  simply  horizontal  extensions 
of  all  di\'isions  of  the  (d)  scales  to  the  boundaries  of 
the  (h)  and  (h^)  scales  on  both  sides.  The  line-current 
side  of  the  device  is  then  completed  by  inserting  the 
scale  of  power  factors  as  shown  and  by  providing  a 
strip  of  transparent  celluloid  (Fig.  5B)  pivoted  at  the 
centre  of  the  device  and  of  a  length  to  reach  the  power- 
factor  scale.  The  strip  is  provided  with  a  scale  marked 
exactly  the  same  as  scale  {d). 

^\'hen  constructing  this  device  the  author  has  found 
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that  scales  (A).  (A,)  and  (A)  arc  clearer  if  drawn  in  red,       central    vector.      That    is,    the    current    in    line    a   is 


the  main  div-isions  only  (everj*  tenth)  being  lined  in  in 
black.  It  is  also  an  advantage  to  number  and  letter 
scales  (A)  and  (A,)  in  red  as  they  do  not  then  become 
confused  with  the  power-factor  scales. 

Explanation. — All    subsequent    scales    arc    based    on 
srale  (</),  Fig.  5A,  this  scale  being  set  out  to  embrace 


the   vectorial  sum  of  O  A,   (the  central   vector),  O  Aj 
and   O  A3.     The    total   power  component   is  therefore 

O  A.+cos  60°  (O  A,+0  Aj)=0  A,  + J  (O  A^  +  O  Aj) 

O  A,,   O  Aj   and   O  A3   are  certain   proportions  of  the 
respective  load  currents  O  A,  Q  B  and  O  C,  but  as  it 


Kio.  4«. 


•  Ii'  m  load  current  to  be  dealt  with.     It  is  on 

till  /,  that  the  final  power  component  ia  read. 

I  to  the  vector  diagram  Fig.  3A  it  will  be 
•ecu  ill. 1 1  iiic  resultant  current  in  each  line,  a.  b  and 
c,  i»  the  vector  »um  of  three  current.^,   the  largest  of 

wliich  •  "to  the 

other  t  of  the 


i.H  only  desired  to  deal  with  the  full  values  of  load  currents 
when  using  the  device,  it  is  simply  a  matter  of  choosing 
a  suitable  scale  whereby  fractions  may  be  eliminated. 

Now  U  A,  is  two-thirds  the  value  of  the  load  current 
O  A,  so  that  if  scale  (/)  is  drawn  adjacent  to  and  two- 
thirds  the  length  of  (</),  but  marked  to  embrace  the 
same  irwximum  value  as  (d),  we  can  immediately  read 


LINE  SIDE  OF  A  THREE-PHASE  INTERCONNECTED-STAR  STATIC  BALANCER.      205 


off  on  {d),  by  transferring  the  value  of  O  A  across 
from  (/).  the  true  value  O  Aj.  Now  O  A^  and  O  A3 
(Fig.  3a)  cannot  exceed  one-tliird  the  value  of  their 
respective  load  currents  O  B  and  O  C,  and  consequently 
the  length  of  scale  (g)  required  to  accommodate  these 
values  will  be  |- (J  +  i)=one-third  the  length  of  scale 
{d),  for  the  power  components  being  in  phase  one  scale 


up  to  a  maximum  of  one-third  the  value  of  {d),  the 
true  power  components  of  OA2  +  O  A3  can  be  read  off 
on  {e)  opposite  the  value  of  O  B  +  O  C  on  (g').  If  the 
value  so  obtained  be  added  to  that  pre\'iously  obtained 
on  scale  (d)  from  (/),  the  sum  of  the  total  power  com- 
ponents is  determined  for  that  particular  Une.  'When 
dealing  with  any  one  line — saj-  a — the  wattless  com- 


FlG.   4B. 


can  be  used  for  the  sum  of  the  power  components  of 
O  A,  and  O  A3.  The  marking  of  the  scale  must,  how- 
ever, be  such  as  to  give  a  maximum  reading  of  twice 
that  of  scale  (d),  viz.  200  in  Fig.  4A,  so  that  only  full 
values  of  load  currents  are  handled  throughout  the 
operation.  By  drawing  scale  (e)  adjacent  to  (g)  but 
to  the  same  scale  as  {d),  and  in  consequence  reading 


ponents  involved  are  those  of  the  currents  from  phases 
B  and  C  only,  and  as  these  are  reckoned  on  either  side 
of  the  scales  [d)  two  separate  scales  (/;)  and  [hi) 
must  be  provided  for  each  line  which,  however,  are 
identical. 

These    scales    should    register    the    same    maximum 
values  as  scale  {d). 
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Thi-  hiiru"ntal  <\tcn!>iiMis  oi  the  \ii  i  s.  .ut-s  are  drawn 
simply  to  ubtain  intersection  points  with  the  lines  of 
the  (*)  and  (A,)  scales,  which  accordingly  facilitates 
the  firing  of  the  end  of  the  vector  representing  the 
act  t  in  the  line  under  consideration. 

i  Case    (c). — Three    separate    loads    to    the 

neutral  ha\-mg  the  same  \-aIucs  as  given  for  the  graphical 
analj-sis. 

A  =  ioo  amperes.     B  =  50  amperes.      C  =  100  amperes. 

Line  a  -Mark  load  A  =  100  amperes  on  scale  (J)  ; 
then  c  ::ig  adjacent  reading  on  scale  (rf) 
=66-6    .    ,  .     • (') 

Mark  on  scale  (g)  loads  B +0  =  150  amperes;    then 


also  by  the  centre  line  on  the  strip  which  is  extended 
to  meet  the  power-factor  scale.  In  this  case  the  power 
factor  equals  0-99  lagging,  approximately. 

Line  b. — Mark  load  B  =  50  amperes  on  scale  (/)  ; 
then  corresponding  adjacent  reading  on  (rf)=33'3 
amperes (5) 

Mark  on  scale  (g)  loads  A+C  =  20o  amperes;  then 
corresponding  adjacent  reading  on  (f)=33'3  amperes   (l>) 

Mark  on  scale  {d)  (5)  +  (6)  =33-3  +  33-3=66-6  am- 
peres     (7) 

which  is  the  true  power  component  of  the  current  in 
line  b. 

Loads  A— C  =  100— 100=0  amperes   .      .      (8) 
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corresponding   adjacent   reading  on   scale   («)  =  25   am- 
peres      (2) 

Mark  on  scale  (d)  (i)-|-(2)=66-6  +  a5=9i -6     .      (3) 

which  i  c  power  compcmcnt  of  the  current  in 

line  a.  •    the  smaller  from  the  larger  load  on 

the^othei  two  phases,  i.e.  in  tliis  case 

C  —  B"»  100  —  50  =  50  amperes  ...      {4) 

eX' r  •.,»,    1.  ,1(1    <,n    l>]..'\s/»    C. 

.  scale  (A)  or  (A,),  according  as  to 
w)  •  he  greater  load,  and  trace  down- 

>n  takes  place  with  the  horizontal 

ivotnl    criliiloid    strip    imtil    the    line 

iiver   the   jxiint  of   inter- 

'•f  tbi-  rnrrrnt  in  line  a 

the  centre 

The  power  factor  of  the  ctirrent  in  line  a  is  registered 


w. 

I" 
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di 
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There  is  therefore  no  wattless  component  of  the 
current  in  line  b,  .ind  the  total  current  equals  66-(> 
amperes  at  unity  power  factor. 

LtM  c. — Uxaclly  as  line  a,  except  that  the  power 
factor  is  leading. 


Neutral  Current — Construciion. 

In  this  case  a  key  diagram  is  hardly  necessary,  as 
the  construction  is  much  simpler,  As  the  maxinuim 
values  provided  for  are  the  same  as  in  the  case  of  the 
line-current  side  of  the  device,  three  similar  circles 
arc  drawn  of  the  same  diameters  aa  in  Fig.  4A. 

Lay  out  three  equally  »pare<l  (120°  ai^rt)  r.idial 
lines.  A,  B,  C  ;  A.  however,  Ix-ing  cxtrn(le<l  for  the 
full  diameter  of  the  inner  circle  as  sliown  in   l-'ig.  ^n. 

On  the  left-hand  side  of  line  A.  .and  both  qIkjvc 
below  the  ccntic  of  the  di.igram.  set  out  the  two  s 
of  load  current*  previously  decided   upon,   the  centre 
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of  the  circle  being  zero.  These  scales  will  be  identical 
with  scale  (d)  of  Fig.  5A.  On  the  right-hand  side  of 
line  A,  and  above  the  centre  of  the  diagram,  construct 
the  scale  marked  (B  +  C)  of  the  same  length  as  the 
previously  drawn  adjacent  scale,  but  graduated  to 
give  a  maximum  reading  equal  to  twice  the  normal 
load  current.  On  the  remaining  radial  lines,  B  and  C, 
construct  scales  identical  with  those  on  the  left-hand 
side  of  line  A.  The  graduations  of  the  scale  marked 
"  phase  A  "  in  Fig.  4B  are  extended  horizontally  on 
either  side,  as  shown,  to  the  boundaries  of  the  radial 
lines  B  and  C,  and  to  the  inner  circle.  Similarly  those 
of  the  scales  niarked  "  phase  B  "  and  "  phase  C  "  are 
also  extended  vertically  downwards  to  the  periphery 
of  the  inner  circle.  As  in  the  case  of  the  line-current 
diagram  these  series  of  lines  present  a  much  clearer 
result  if  drawn  in  red,  the  main  divisions  only  being 
lined  in  in  black.  The  scale  of  power  factors  embraced 
by  lines  B  and  C  is  then  inserted,  and  the  diagram 
finally  completed  by  inserting  the  figures  and  lettering 
shown  in  Fig.  4B  and  providing  a  pivoted  strip  of 
transparent  celluloid  exactly  the  same  as  for  the  line- 
current  side  of  the  device. 

Explanation. — As  with  Fig.  4A,  all  subsequent  scales 
are  based  on  scale  (d)  of  Fig.  5.^.  Fig.  3B  shows  the 
vector  construction  for  determining  the  actual  current 
flowing  in  the  neutral  wire,  and  it  will  be  seen  that  the 
resultant  vector  of  the  two  phases  (.\  and  C  in  this 
case)  is  thrown  on  to  the  opposite  side  of  the  neutral 
point  to  that  required,  although  subsequent  subtrac- 
tion of  the  current  flowing  in  the  neutral  wire  due  to 
the  load  on  phase  B  gives  the  resultant  O  N  in  the 
required  position. 

Now  if  the  maximum  load  scale  [corresponding  to 
[d).  Fig.  5 a]  of  phase  A  were  set  out  on  the  A  vector 
above  the  neutral  point  of  the  diagram,  as  for  instance 
in  the  case  of  Fig.  4A,  the  load  scales  for  determining 
the  wattless  components  of  phases  B  and  C  would 
have  to  be  drawn  from  their  respective  vectors  B  and 
C,  parallel  to  the  vector  A  and  upwards  to  the  peri- 
phery of  the  inner  circle.  As  any  such  scales  extending 
beyond  60°  on  either  side  of  A  would  be  useless,  the 
B  and  C  scales  would  each  be  built  up  on  a  radial  line 
terminating  midway  on  the  inner  circle  periphery 
between  A  and  B,  and  A  and  C  respectively.  The 
result  of  this  construction  would  be  to  obtain  a  vector 
for  the  actual  neutral  current  which  would  lie  in  the 
opposite  direction  to  the  true  direction.  The  value 
indicated  by  any  vector  would  be  quite  correct  and 
the  true  position  could  also  be  shown  by  suitably 
marking  the  power-factor  scale  on  either  side  of  A. 

If,  however,  all  the  scales  were  set  out  on  vectors 
radiating  in  an  opposite  direction,  the  true  position 
of  the  vector  representing  the  actual  neutral  current 
would  be  indicated.  The  power-factor  scales  would 
also  be  shown  in  their  correct  position. 

It  is  this  construction  that  is  shown  in  Fig.  4B.  The 
load  scale  for  phase  A  is  set  out  on  an  extension  of 
line  A  below  the  neutral  point,  that  for  phase  B  on 
line  C,  and  that  for  phase  C  on  line  B.  The  position 
of  the  neutral  current  vector  may  be  determined  with 
respect  to  either  A,  B  or  C.  In  Fig.  4B,  A  is  chosen 
as   the  reference   line,   and   when   applying   the  device 


A  should  be  the  phase  supplying  the  largest  load.  The 
scale  B-f-C  represents  the  sum  of  the  power  components 
of  the  currents  in  phases  B  and  C  (referred  to  A)  in 
terms  of  the  full-load  currents,  and  must  obviously 
be  of  the  same  length  as  the  load  scales  and  give  twice 
the  maximum  readings,  since  the  maximum  possible 
sum  of  the  wattless  components  of  B  and  C  is  equal 
to  the  maximum  value  for  which  the  chart  is  designed. 
Transferring  the  value  of  B-|-C  to  the  adjacent  scale 
will  give  the  true  value  of  the  sum  of  the  power  compo- 
nents for  phases  B  and  C.  The  value  so  obtained  should 
then  be  subtracted  from  the  full-load  current  of  phase 
A,  the  difference  being  noted  on  the  scale  marked 
"  phase  A."  This  is  then  the  true  power  component 
of  the  neutral  current  referred  to  phase  A.  To  ascer- 
tain the  value  and  direction  of  the  wattless  component, 
note  the  difference  between  the  full-load  currents  of 
phases  B  and  C,  and  lay  this  off  on  the  predominating 
scale  marked  "  phase  B  "  or  "  phase  C  "  as  the  case 
may  be.  The  intersection  of  the  projections  from  the 
value  so  obtained  for  the  wattless  component  and  the 
value  previously  obtained  for  the  power  component 
will  give  the  extremity  of  the  neutral  current  vector. 
The  line  connecting  this  point  with  the  centre  of  the 
chart  gives  the  value  of  the  neutral  current  to  the 
same  scale  as  the  load  currents. 

Examples.  Case  (c). — First,  two  separate  loads  to 
the  neutral  having  the  same  values  as  given  in  Fig.  2A. 

A  =  100  amperes.     B=o  amperes.     C  =  60  amperes. 

Mark  load  A  =100  amperes  on  scale  "  phase  A  "  .   (9). 

Mark  the  sum  of  the  loads  B  and  C  =  6o  on  the  scale 
B-f-C  and  transfer  this  value  to  the  adjacent  scale, 
which  gives  a  reading  of  30  amperes (10) 

Subtract  this  30  amperes  from  the  value  of  the  load 
current  of  phase  A,  registering  the  difference,  100  —  30 
=  70  amperes,  on  "  phase  A  "  scale (11) 

This  is  the  power  component  of  the  neutral  current 
referred  to  phase  A. 

Subtract  the  smaller  from  the  larger  load  of  phases 
B  and  C,  in  this  case  60—0  =  60  amperes  in  favour  of 
phase  C,  and  mark  this  value  on  "  phase  C  "  scale, 
constructed  on  the  B  radial  vector (12) 

Trace  downwards  until  intersection  takes  place 
with  the  horizontal  projection  of  (n),  and  rotate  the 
pivoted  celluloid  strip  until  the  line  drawn  down  the 
centre  lies  over  the  point  of  intersection,  when 
the  true  value  of  the  neutral  current  is  read  off  direct 
on  the  scale  adjacent  to  the  centre  line  on    the    strip. 

This  equals  87  amperes. 

The  power  factor  of  the  neutral  current,  registered 
by  the  centre  line  on  the  strip,  which  in  this  case  also 
is  extended  to  meet  the  power-factor  scale,  is  0-92 
approximately,  lagging  behind  the  voltage  of  phase  B. 

Secondly,  two  separate  loads  to  the  neutral  having 
the  same  values  as  given  in  Fig.  2B. 

A  =  ioo  amperes.     B  =  o  amperes.     C  =  ioo  amperes. 

IMark  load  A  =  100  amperes  on  scale  ''  phase  A  "    .  (13) 
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Mark  the  sum  of  the  loads  B  and  C=  loo  on  the  scale 
B-fC.  and  transftT  this  value  on  to  tlic  adjacent  scale. 
which  gives  50  amperes (14) 

Subtract  (14)  from  (ijt)  marking  the  difference 
100  — 50  =  50  amperes  on  "  phase  A  "  scale    ....  (15) 

Subtract  load  B  from  C,  i.e.  100  —  0=100  amperes 
in  favour  of  phase  C,  and  mark  this  value  on  "  phase 
C  "  scale  as  in  the  previous  example (16) 

Trace  downwards  till  intersection  takes  place  with 


the  horizontal  projection  of  (15),  and  rotate  the  pivoted 
strip  until  the  scale  thereon  registers  the  value  of  the 
neutral  current.  This  equals  100  amperes  and  is  in 
phase  with  the  voltage  of  phase  B. 

It  is  appreciated  tliat  the  construction  could  be 
applied  to  the  ordinary  tj'pe  of  alignment  chart  em- 
ploying one  set  of  scales  only,  but  the  circular  disc 
type  as  illustrated  in  this  paper  has  the  advantage 
of  showing  at  a  glance  the  relative  vector  positions  of 
the  line  and  neutral  currents  and  voltages. 
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ELECTRICAL    PHENOMENA    OCCURRING    AT    HIGH    LEVELS    IN    THE 

ATMOSPHERE. 


By  Professor  S.   Chapman,  M.A.,  D.Sc,  F.R.S. 

{Paper  first  received  24  April,  1919,  and  {71  final  form   17  July,  1920;  read  before  The  Institution,  22  ^^a\■,   1919.) 


1.  It  is  well  Itnowii  that  the  properties  of  the  atmo- 
sphere  are   diflferent   in   important  respects  above  and 
below  a  fairly  well-defined  surface  of  separation,  which 
is  usually  situated  at  a  height  of  about  10  or  15  kilo- 
metres from  the  ground.     The  laj'er  beneath  this  surface 
is  called  the  troposphere,  and  is  characterized   by  the 
presence  of  much  convective  motion  ;    the  temperature 
in    this    layer    consequently    diminishes    upwards.     In 
the    upper    layer,    or    stratosphere,     the    temperature    | 
shows    no    systematic    variation    with    height,    so    that    i 
here    there   must   be   radiative    equilibrium,    Uttle   dis-   i 
turbed   by  convective  mixing.      The    stratosphere    has    j 
been    explored    to    a    height    of    25    or    30    kilometres 
by     means    of    ballons-sondes    bearing     meteorological 
instruments. 

The  electrical  phenomena  which  have  so  far  formed  the 
subject-matter  of  atmospheric  electricity,  as  ordinarily 
understood,  relate  mainly  to  the  troposphere  and  the 
lower  part  of  the  stratosphere.  Such,  for  instance, 
are  thunderstorms,  the  surface  variations  of  electric 
potential  gradient,  and  changes  in  the  ionic  content 
of  the  air.  The  electrical  phenomena  which  will  be 
considered  in  this  paper  occur  at  "  high  "  levels  above 
the  regions  just  named — probably  above  even  the 
greatest  heights  yet  attained  by  meteorological  balloons. 

They  make  themselves  apparent  in  two  principal 
ways.  Some  of  them,  though  not  all,  are  accompanied 
by  luminosity  ;  this,  being  observable  chiefly  towards 
the  polar  regions,  is  known  as  the  aurora  polaris.  They 
also  produce  magnetic  effects,  which  constitute  our 
other  source  of  information.  The  changes  of  magnetic 
force  at  the  earth's  surface  are  continuously  recorded 
at  a  widely  distributed  network  of  obser\'atories. 
These  changes  originate  mainly  in  the  upper  atmosphere, 
directly  or  indirectly.  The  direct  part  is  due  to  electric 
currents  in  the  atmosphere,  the  indirect  to  secondary 
currents  induced  by  the  former  in  the  conducting 
earth  ;  the  ratio  between  the  two  corresponding  portions 
of  the  magnetic  effect  at  the  surface  is  2  or  3  to  i. 
The  earth  currents  flow  at  greater  or  lesser  depths 
according  to  the  rapidity  with  which  the  external 
currents  vary  ;  those  associated  with  the  regular  daily 
magnetic  variations  flow  chiefly  at  200  or  more  kilo- 
metres below  the  surface.  At  times  of  magnetic  dis- 
turbance the  changes  are  much  more  rapid,  and  the 
earth  currents  do  not  penetrate  so  far  down  ;  telegraphic 
engineers  know,  to  their  cost,  of  the  enhanced  value 
of  the  currents  in  the  surface  strata  at  such  times. 
The  detailed  relations  between  earth  currents  and  the 
magnetic  variations  have  not  yet  been  fully  elucidated, 


but  the  matter  cannot  be  entered  upon  here,  where 
attention  will  be  confined  to  the  primary  phenomena 
occurring  in  the  atmosphere. 

Aurorae  and  the  magnetic  variations  valuably 
supplement  one  another  as  sources  of  information  of 
these  electrical  phenomena.  Each  affords  certain  data 
which  are  not  deducible,  or  deducible  only  with  difficult^', 
from  the  other.  On  the  whole,  the  magnetic  variations 
form  the  richer  and  more  available  fund  of  knowledge, 
since  they  are  observable  over  the  whole  accessible 
portion  of  the  earth,  and,  moreover,  continuously 
observable — by  day  or  night,  and  independently  of 
the  state  of  the  sky.  Aurorae,  on  the  other  hand, 
can  be  seen  only  over  a  comparatively  Umited  region, 
and  even  there  not  by  day,  nor  at  night  when  the  sky 
is  cloudy  or  too  brightly  illuminated  by  scattered 
moonlight.  Naturally,  however,  both  groups  of  phe- 
nomena have  been  concurrently  investigated,  a  proceed- 
ing assisted  by  the  study  of  the  changes  in  progress 
on  the  sun — i.e.  of  prominences,  sunspots,  and  other 
surface  features — with  which  aurorae  and  the  magnetic 
variations  are  closely  associated. 

2.  My  aim  in  this  paper  has  been  to  give  a  general 
outUne  of  the  subject,  without  detailed  argument  or 
references.  The  account  is  not  limited  to  what  can 
be  regarded  as  certain  conclusions  ;  without,  I  hope, 
departing  too  far  from  the  basis  of  observational  evidence, 
conjectural  views  have  also  been  admitted — a  course 
which  seems  both  the  most  interesting  and  appropriate 
method  of  dealing  with  a  science  of  which,  as  of  this, 
our  knowledge  is  rapidly  advancing.  For  the  materials 
used  in  this  sjTithesis  the  writings  of  many  authors 
have  been  utihzed  :  particularly,  as  regards  the 
magnetic  variations,  the  papers  of  Professor  Schuster, 
Dr.  Chree,  Mr.  Maunder,  and  Dr.  INIoos  ;  and  as  regards 
aurorae,  those  of  Professor  Birkeland,  Professor  Stcrmer, 
and  Dr.  Vegard.  ^Vhile  expressing  indebtedness  to 
these  investigators,  I  do  not  wish  to  be  taken  as 
implying  their  agreement  with  all  the  theoretical 
interpretations  here  described,  some  of  which  are  due 
to  these  and  other  writers,  while  others  are  indepen- 
dently advanced. 

3.  The  magnetic  variations  with  which  we  shall 
be  concerned  are  (a)  the  regular  daily  variations  charac- 
teristic of  magnetically  "  quiet  "  days,  and  [b]  the 
irregular,  intermittent  changes  associated  with  magnetic 
disturbances,  which  when  particularly  intense  are 
known  as  magnetic  storms.  On  ordinary  days  the 
daily  magnetic  variation,  approximately  freed  from 
irregular   fluctuations   by   averaging    for    several   days. 
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at    two    parts :     that     mentioned    under    (a) 
with    an    additional    portion    introduced    by, 
and  proportional  to  the  intensity  of.  the  existing  dis- 
turbance.    The  second  portion,  or  disturbance  diurnal 
variation,    represents    an    inequality    in    the    incidence 
of   disttirbance   cflects   round    tlie   circles   of  latitude  : 
the  causes  which  produce  it  arc  those  responsible  for 
disturbance,    and    difler    from    those    which 
tlic    undisturbc<i    or    quiet    daily    variations. 
l'ioU±L!y  no  day  is  completely  "  quiet  "  magnetically  : 
in   the  polar  region-!  "f  the  earth  esftecially.   maiinotic 
•  ce  is  p.>  ■  intense  and  almost  always 

here  tl'.i  nice  daily  variation  usually 

considerably  exceeds  the  constant,  qiiiet-day  ]><)rti(in. 
But  the  two  parts  of  tlic  daily  >-anation  can  be  separated 
to  sonic  extent  by  comparing  the  daily  changes  on 
quiet  and  highly  disturbed  days,  and  are  found  to  be 
of  quite  distinct  t\-pes.  The  disturbance  daily  variation 
is    :  •  the  same,  except  in  intensity,  when 

den  ison  of  specially  quiet  days  with  days 

of  i:  <r  with  all  days. 

I .  ,  .ed  and  quiet  day  changes  of  magnetic 

force  depend  on  locahty,  season,  and  local  time.  They 
van,"  also  in  intensity — and  the  disturbance  changes 
vary  in  frequency—  with  the  state  of  activity  on  the 
sun's  surface.  Tlie  solar  activity,  tlie  magnetic  varia- 
tions, and  aurorx,  all  manifest  the  cycle  of  change 
which  is  most  familiarly  known  as  the  ii-year  cjxle 
of  sunspot  frequency. 

The  moon,  as  well  as  the  sun.  affects  the  earth's 
magnetic  field,  and  there  arc  lunar  diurnal  magnetic 
variations,  depending  on  the  moon's  hour  angle  (or 
local  lunar  time),  wliich  are  of  as  great  interest  as  the 
ordinary  solar  diunial  variations,  though  of  inferior 
magnitude 

4.  In  discussing  these  phenomena  it  is  desirable 
to  consider  the  earth  as  a  whole,  instead  of  restricting 
attention  to  the  sc<iuencc  of  events  at  one  or  two 
localities  on  it  ;  and  to  regard  it  as  \icwcd  from  the 
IxkIics  which  govern  its  magnetic  and  meteorological 
cliangcs  :  that  is,  from  the  sun  mainly,  but  in  the 
case  of  the  lunar  diurnal  variations  from  the  moon  also. 

The  solar  and  lunar  diurnal  changes  depend  princi- 
pally on  the  latitude  of  the  station  and  the  local  time 
(ncgl'cting,   for  the  time  being,  the  dependence  on  the 
sunspot  epoch).     These  vanabltsi  merely  define  the  ptisi- 
tion    of   the    station    relatively    to    the  sun  (or.   in  the 
case  of  lunar  time,  to    the   moon).       Locally    regarded, 
the   cliangcs   rcjirr-sent   the   eflcct   of   the   moving   sun, 
the  cflcct  l)cing  approxinuitely  repro<luccd  at  all  slatmns 
round  a  given   parallel  of  latitude  as  the  sun  "  moves 
round  the  earth."     Viewed  from  the  sun,  they  appear 
aa  the   paiuiagc  of  conditions  at  each  station   through 
stages  characteristic  of  positions  fixed  relative  to  the 
the    earth's    rotation    carries   a    given    station 
X  mirreiuiion   of  mich  positions.      In   so   far  as 
it    Its   axis   of   rotation, 
■  Mt  the  ilailv  levolutifin. 
Till  on  l.ititudc  and 
I  "iiclc      1  he  inclina 

tioij  of  the   inaftn<-ln  -.liic  axi^.   however, 

ami  the  f"- ■    ■  al  i;.>     the  earth,  preclude 

the  cxai  '  nt  of  this  condition. 


From  the  sun,  the  earth  is  seen  to  be  moving  along 
in  its  orbit  from  ni:ht  to  left  (of.  Fig.  i).  and  to  be 
turning  about  its  axis  so  that  the  front,  sunUt,  hemi- 
sphere is  moving  from  leit  to  right  ;  providiHl  that  the 
observer  on  the  sun  is  supposed  to  stand  perpendicular 
to  the  plane  of  the  earth's  orbit,  so  as  to  view  tlie 
North  jxjIc  of  the  earth  above  the  South  pole.  Since 
the  sun  itself  is  turning  about  its  own  axis  in  the 
same  direction  as  the  earth,  any  emis,sion  from  its 
surface  which  happened  to  be  directed  towards  the 
earth  would  sweep  the  latter,  like  water  from  a  fire- 
hose, from  right  to  left.  Ag.iin,  the  moon's  orbital 
motion  round  the  earth  is  in  the  same  direction  as  the 
eai  til's  diunial  rotation. 


Nort]^  pole 


EarOVs 

orbitdl 
motion 


South  pole 


^"■ecfiorl 
orbital 


Hotion 

«M 

soldr 
streamers 


oi  ^oaaS> 
motloTv 


Fig.    I. — Illustrating   the  motions  of  the  earth,  moon,  and 
solar  streamers  as  viewed  from  the  sun   (§  4). 

NMS      Noon  mrhtlian. 
NS,*^  «  Sunn»c  mmdian. 
NS^  =  SunMM  meridian. 

The  day  or  tunlit  bemitphnv  ic  dirMiljr  x-iuUr.  the  night  or  dark  b«niiph«n 
i<  liebind  ;  the  P.M.  and  A.M.  brmiiphem  arc  mprctively  to  Um  n(hl  wd 
left  of  the  noon  nxndian. 

Over  the  right-hand  half  of  the  earth  the  sun  has 
"crossed  the  meridian."  and  the  local  time  is  after 
noon.  This  hemisphere  will  therefore  be  termed  the 
I'.M.  {post  ineridirw).  and  the  Icfl-liand  the  A.M.  {anU 
tftfridtem)  liomis))herc.  Similarly  we  may  speak  of 
the  sunlit  and  dark,  or  day  and  night  hemispheres, 
which  arc  scp.Txated  by  tlie  "  twilight  circle  "  of  tlie 
earth.  This  circle  is  conijiosed  of  the  sunset  and 
sunrise  meridians  (on  the  right  and  left  resjiectively), 
which  with  the  noon  and  midniglit  meridians  (in  the 
plane  containing  tlic  sun)  divide  tlic  cartli  into  four 
equal  quadrants. 

5.   Hcfore   <lescril)ing   to   what   causes   the   quiet-day 

and    disturbance    magnetic    variations    arc    due,    it    is 

well    to   exclude   ex]ili(itly    certain    pciR.sibilitics   which, 

though    they    natui.illy    .suggcNt    tlieniscUrs.    are    not 

tonlimied    on    cxaiiun.ilion.      Ihc    magnetic    variations 

arc  not  caused  by  tliiott  m.ignrtic  action  on  the  part 

I    of  the  sun  or  moon  :    nor  do  they  represent  the  varying 

I    magnetic    field   of   streams   ol    electric   charges   of   one 

i    kind,  moN'ing  separately  from  charges  of  the  opposite 
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kind,  whether  within  or  outside  the  atmosphere.  They 
are,  in  fact,  variations  in  the  magnetic  field  of  electric 
cunents  of  the  ordinary  type  flowing  in  more  or  less 
horizontal  layers  in  the  upper  atmosphere  ;  that  is, 
currents  in  which  the  magnetic  field  is  unaccompanied 
by  any  appreciable  electrostatic  field.  They  are  pro- 
duced, moreover,  in  essentially  the  same  way  as  are 
the  currents  generated  in  ordinary  commercial  power 
stations,  i.e.  by  electromagnetic  induction.  In  the 
present  instance  the  earth's  permanent  magnetic  field 
(the  origin  of  which  is  still  unknown)  constitutes  the 
magnetic  field  of  the  terrestrial  dj-namo.  The  atmo- 
sphere, itself  in  motion  owing  to  various  causes,  is  the 
armature  ;  while  certain  layers  which  are  specially 
ionized  (mainly  by  solar  action)  are  the  conductors 
in  which  the  flow  of  electric  current  takes  place. 
The    atmospheric    motions    concerned    are    of    two 


Fig.  2. — Lines  of  equal  pressure  (dotted)  and  of  instantaneous 
direction  of  motion  in  a  tidal  system  of  circulation  in 
the  earth's  atmosphere,  viewed  from  the  tide-producing 
body  (§  6). 

In  this  drawing  there  is  supposed  to  be  no  lag  of  phase,  so  that  ma3rimura 
pressure  occurs  at  M  and  minimum  at  M  .  The  opposite  side  of  the  earth 
resembles  that  shown  here.  The  meridians  NZ3  are  lines  of  zero  pressure, 
separating  regions  over  which  the  pressure  is  in  excess  and  defect  respectively. 

kinds,  one  set  being  associated  ^^'ith  the  quiet-day 
magnetic  variations,  wliile  the  other  set  is  connected 
with  magnetic  disturbance.  The  latter  motions  originate 
in  and  are  confined  to  a  region  high  up  in  the  strato- 
sphere :  the  former  extend  throughout  the  troposphere 
and  a  large  part  of  the  stratosphere,  but  are  electro- 
magnetically  effective  only  at  a  considerable  height 
above  the  base  of  the  stratosphere.  Below  this  level 
the  edr  is  not  sufficiently  conducting  to  allow  any 
appreciable  flow  of  current,  so  that  the  irregular  convec- 
tive  motions  in  the  troposphere  (§  i)  have  no  part  in 
producing  the  magnetic  variations. 

8.  The  set  of  atmospheric  movements  which  gives 
rise  to  the  quiet-day  diurnal  magnetic  variations 
consists  of  two  great  world-wide  circulations  of  tidal 
tj'pe.     One  is  a  true  tidal  motion,   due  to  the  moon. 


The  other,  of  similar  character  but  of  different  phase 
and  fifteen-fold  the  ampUtude,  is  of  solar  origin  ;  it 
is  mainly  produced  by  thermal — not  tidal— action. 
The  difference  in  phase  indicates  a  difference  of  orienta- 
tion of  the  two  systems  of  circulation  relative  to  their 
governing  bodies  the  sun  and  moon.  Moreover,  the 
orbital  motion  of  the  moon  causes  the  lunar  tidal 
system  of  circulation  to  shift  relative  to  the  solar  system, 
completing  one  revolution,  in  the  same  sense  as  the 
earth's  diurnal  rotation,  in  a  lunar  month. 

In  each  case  the  movement  of  the  air  is  mainly 
horizontal.  The  current-lines  in  the  case  of  such  tidal 
motions  are  indicated  in  Fig.  2,  where  for  simphcitj' 
a  particular  phase,  different  from  that  of  either  the 
solar  or  lunar  circulations,  has  been  adopted.  The 
maximum  velocitj-  occurs  at  the  equator,   and  in  the 


Fig.  3. — Electric  current-lines  (dotted)  and  Unes  of  horizontal 
magnetic  force  at  the  earth's  surface,  resulting  by 
electromagnetic  induction  from  the  tidal  atmospheric 
circulation  of  Fig.  2  {§  6). 

The  layer  in  which  the  electric  currents  flow  is  for  simplicity  assumed  to  be 
of  uniform  conducti\^ty.  The  obliquity  of  the  magnetic  to  the  geographical 
axis  of  the  earth  is  neglected.  The  above  cur\-es  give  an  approximate  repre- 
sentation of  the  semi-diurnal  component  of  the  diurnal  magnetic  variations 
(except  as  regards  phase),  viewed  from  the  sun  or  moon. 

solar  case  is  approximately  i  kilometre  per  hour. 
The  velocity  is  nearl}'  the  same  at  all  levels  up  to  a 
considerable  height ;  the  solar  diurnal  circulation, 
however,  seems  not  to  extend  so  far  up  as  the  lunar 
circulation  :  the  latter  is  present  in  the  auroral  layer, 
at  a  height  of  100  kilometres,  while  the  solar  diurnal 
movement  does  not  seem  to  exist  there. 

Like  all  tidal  circulations,  these  two  movements  are 
of  semi-diurnal  type  ;  that  is,  the  motion  in  either  case 
is  the  same  o\-er  the  two  halves  of  the  earth  separated 
by  any  nieridian  plane.  The  motion  being  horizontal, 
the  induction  takes  place  across  the  \ertical  component 
of  the  earth's  magnetic  force.  This  component,  it 
should  be  recalled,  is  downwards  in  the  Xorthem,  and 
upwards  in  the  Southern  hemisphere,  but  is  otherwise 
nearlj'  si,-mmetrical  with  respect  to  the  equator.     The 
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induced    electromotive    force    is    perpendicular    to    the    ! 
direction  ol  horizontal  motion,  to  the  left  in  the  Northern. 
and  to  the  right  in  the  Southern  hemisphere.  I 

The    s\-stems   of   electromotive    force,    like   those    of   ! 
atmospheric  motion,  are  semidiurnal  (tf.   Fig.  3I  :    but 
the  s\-stcms  of  horizontal  electric  currents  impelled  by   i 
those  forces,  in  the  layer  wliich  is  sufficiently  conducting   | 
to  give  scope  to  them,  are  not  of  this  tj'pe.      They 
are  not   identical    over    the   two   halves  of   the  earth 
separated   by  any  arbitrarily   chosen   meridian  plane  : 
their  intensity  is.  in  fact,  much  greater  over  the  sunUt 
thxm  over  tlie  dark  hemisphere.     This  is  shown  by  the 
considerably  enhanced  actiN-it^-  of  the  solar  and  lunar 
diurnal  magnetic  variations  resulting  from  these  currents. 
during   tJie   hours   of   solar   daylight,    and   during   the 
season  of  the  year  (summer)  when,  at  a  given  station, 
the  raj-s  of  the  sun  are  most  directly  received.     The 
lunar   diurnal    magnetic    variations   exliibit   the   effect   i 
particularly  clearly  ;    since  the  lunar  tidal  system  of 
circulation     progressively     advances     relative     to     the    | 
sunlit  hemisphere   [tide  supr.i],  the  lunar  hours  during 
which   the   electromagnetic   effect   is   magnitied   regress 
throughout   the   lunar   month  ;     the   character   of   the 
lunar  diurnal  magnetic  variations  consequently  changes   ' 
regularly  in  the  course  of  a  lunation,  the  activity  being 
greatest  during   the   hours   of  solar   daylight   at   each 
epoch. 

Besides  this  daily  and  seasonal  variation  in  the 
intensity'  of  the  quiet-day  magnetic  changes,  the  latter 
var>'  considerably  in  intensity  (wliile  preserving  their 
type  almost  unaltered)  throughout  the  cycle  of  solar 
activity.  The  one  variation  indicates  a  dependence 
on  the  position  of  a  station  relative  to  the  sun,  the 
other  on  some  intrinsic  solar  factor  affecting  the  earth 
as  a  whole.  Both  effects  arc  explained  by  supposing 
the  electric  conductivity  of  the  layer  of  air  in  which  the 
currents  flow  to  varj'  in  the  manner  described  ;  and 
that  this  is  because  the  conductivity  is  produced  by 
some  solar  ionizing  agent.  This  agent,  as  I  have  shown 
elsewhere  (in  a  paper  communicated  to  the  Cambridge 
Philosophical  Socict)')  is  ultra-\'iolet  radiation,  which 
must  be  emitted  more  strongly  at  sunspot  maximum  \ 
than  at  sunspot  minimum.  It  Ls  shielded  from  the  { 
dark  hemisphere,  but  over  the  sunUt  hemisphere  it  I 
penetrates  to  a  considerable  depth  in  the  earth's  atmo- 
sphere, much  l>elow  the  under  limit  of  the  auroral  layer 
(about  100  kilometres  above  the  ground).  It  seems 
likely  tluit  it  is  the  lower  surface  of  the  layer  thus 
ionized  by  »tt\a.T  radiation  which  is  responsible  for 
bending  "  wireless  "  waves  round  the  earth,  and  so 
increasing  the  distance  over  wliich  messages  can  be 
transmitted  in  this  way.  Professor  G.  N.  Watson  has 
recently  given  conclusive  proof  that,  unless  prevented 
by  the  presence  of  such  a  conducting  layer,  the  electric 
waves  would  in  large  part  travel  outw.irds  into  sp.acc, 
in<ttp.i'l  of,  .IS  thcv  arc  observed  to  do,  round  the  globe. 
I  I  by  the  ultra- violet  radiation 

{*'  1    the   atmosphere   at   a   great 

h'  is  most  intense  fiver  regions 

wl.:  yt  vertically,  and  it  diminishes 

to  a  low  valur  near  the  twilight  circle  and  over  the 
dark  hemisphere.  I(  the  ionization  is  aMociatcd  with 
the  production  of  luminr,>tity,  wc  are  prevented    from 


observing  the  latter  owing  to  tlie  presence  of  daylight, 
so  that  the  quiet-day  magnetic  variations  are  unaccom- 
panied by  any  xisible  atmospheric  phenomena.  The 
aurorae  are  not  associated  with  these  electromagnetic 
effects,  of  whose  existence  the  quiet-day  diurnal 
magnetic  variations  afford  the  sole  indication. 

7.  The  magnetic  variations  to  which  aurora;  are 
related  are  the  magnetic  distitrbanci^  changes,  including, 
of  course,  the  disturbance  diurnal  variation.  As 
regards  the  sun,  moreover,  aurone  are  connected  with 
locally  agitated  regions  on  its  surface,  instead  of  to  the 
surface  as  a  whole  (whence,  it  seems  probable,  there 
proceeds  the  nethereal  radiation  which  ionizes  the  lower 
conducting  layer  in  the  earth's  atmosphere,  as  just 
described). 

Magnetic  disturbances  and  aurorae  are  produced  by 
the  injection  into  the  earth's  atmosphere  of  electric 
corpuscles  projected  in  confined  streams  from  dis- 
turbed regions  on  the  sun.  These  streams  may  be 
emitted  in  any  direction,  so  far  as  we  know  at  present  ; 
their  existence  is  made  known  to  terrestrial  observers 
only  when  a  stream  is  projected  so  that,  in  the  course 
of  tlie  solar  rotation,  it  sweeps  over  the  earth.  The 
streams  are  often  of  considerable  angular  diameter, 
e.g.  10  degrees  or  more.  As  the  angular  diameter  of  the 
earth,  \dewed  from  the  sun,  is  only  i8-6  seconds  of  arc. 
it  becomes  completely  en\'eloped  in  the  streams  ;  and 
often  remains  so  for  hours  or  even  days,  notwithstanding 
that  tlie  relative  spcctl  of  the  streams  at  the  distance 
of  the  cartli  enables  tliem  to  sweep  right  across  the 
earth  in  35  seconds.  The  latter  fact  explains  why 
magnetic  storms,  the  particularly  intense  and  world- 
wide disturbances  which  occur  when  the  earth  is 
enveloped  in  a  dense  solar  stream,  are  observed  to 
commence  at  almost  the  same  instant  all  over  tlie  earth. 
Again,  since  aisturbed  regions  on  the  sun  often  continue 
to  emit  streams  of  electric  corpuscles  in  the  same  relative 
direction  for  a  period  of  more  than  one  solar  rotation. 
a  given  stream  may  traverse  the  earth  more  than  once. 
Tliis  accounts  for  the  observed  tendency  (or  magnetic 
conditions  to  recur  after  an  interval  equal  to  the  time 
taken  by  a  stream  to  reach  the  earth  again,  after  a 
complete  rotation  witli  the  sun.  This,  wliich  is  shown 
by  quiet,  no  less  than  by  disturbed  conditions  (corre- 
sponding rcspecti\-ely  to  the  absence  and  presence  of 
streams  in  the  earth's  neighbourhood)  is  only  a  tendency 
and  not  a  definite  periodicity  :  for  the  sequence  of 
streams  existing  at  any  given  time  is  continually  being 
interrupted  by  the  cessation,  or  .iltcration  of  diiection, 
of  old  streams,  and  the  initiation  of  new  ones. 

8.  The  stre.ims  seem  to  consist  entirely  or  predomin- 
antly of  corpuscles  having  the  same  sign  of  electric  charge. 
They  are  ejected  from  the  sun  with  a  speed  comparable 
with  that  of  light,  and  travel  outwards  approximately 
in  straight  lines.  When  they  approach  tlie  earth, 
however,  their  rectilinear  motion  becomes  modified 
owing  to  their  entni'  into  the  earth's  magnetic  field. 
A  magnetic  field,  of  roumc,  exerts  a  force  on  a  moving 
electric  charge,  pcrprndii  ul.ar  to  the  plane  cont.'iining  the 
direction  of  the  magnetic  force  at  the  point  instantane- 
ously occupied  by  the  charge,  ,'ind  to  the  line  of  motion 
of  the  charge.  In  a  uniform  magnetic  field  an  electric 
charge  will,  in  general,  describe  a  spiral  path,  the  axis 
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of  the  helix  lying  along  the  direction  of  the  magnetic 
force.  In  the  earth's  field,  which  is  uniform  neither 
in  direction  nor  in  intensity,  the  motion  of  the  solar 
corpuscles  is  more  complicated,  and  the  problem  of 
calculating  their  paths  has  not  yet  been  completely 
worked  out.  Some  important  results  have,  however, 
been  arrived  at.  It  appears  that,  though  in  an  intense 
stream  the  particles  seem  to  impinge  upon  the  atmosphere 
from  all  sides,  there  is  a  strong  tendency  for  them  to 
be  drawn  in  towards  the  earth's  magnetic  poles  ;  yet 
not  so  as  to  fall  most  numerously  at  the  magnetic 
poles  themselves,  but  rather  around  two  zones,  one 
centred  at  each  such  pole.  The  radius  of  the  zones 
can  be  calculated  approximately,  but  depends  upon 
the  nature  and  speed  of  the  particles.  The  zones  are 
naturally  identified  with  the  zones  of  maximum 
auroral  frequency  ;  these  are  centred  as  described, 
and  have  a  radius  of  about  20  degrees.  This  is 
much  greater  than  the  radius  calculated  on  the 
assumption  that  the  solar  coi-puscles  are  /3-particles 
(i.e.  negative  electrons,  ha\dng  a  mass  much  less  than 
that  of  a  hydrogen  atom,  though  travelUng  with  great 
speed).  On  the  other  hand,  the  observed  agrees  pretty 
closely  with  the  calculated  radius,  if  the  particles  are 
supposed  to  be  a-particles,  positively  charged,  but 
otherwise  identical  with  ordinary  atoms  of  helium 
mo\'ing  with  great  \'elocity. 

9.  Three  principal  consequences  follow  from  the 
injection  of  the  solar  corpuscles  into  the  earth's  atmo- 
sphere. First,  the  particles  break  up  many  of  the 
molecules  which  they  encounter  before  being  brought 
to  relative  rest  in  the  atmosphere.  This  means  that 
the  layer  in  which  the  retardation  takes  place  is  ionized  ; 
during  times  of  magnetic  disturbance,  therefore,  there 
are  two  conducting  layers  instead  of  only  one.  Secondly, 
where  the  ionization  is  particularly  intense  it  is  accom- 
panied by  luminosity,  observed  as  auroras  ;  this 
accounts  for  the  polar  distribution  of  auroras,  and 
their  association  with  magnetic  disturbance.  The 
production  of  the  latter  depends  on  the  third  effect 
mentioned,  viz.  the  electrification  of  the  air.  Tliis 
is  accompanied  by  electrostatic  forces  of  sufficient 
intensity  to  impart  an  important  degree  of  motion 
to  the  extremely  rarefied  air.  This  is  the  second  of 
the  two  tj-pes  of  motion  referred  to  in  §  3. 

The  general  nature  of  the  movement  can  be  readily 
inferred.  The  mutual  repulsion  of  the  entangled 
charge  spread  over  the  world-wide  spherical  laver 
produces  an  upward,  outward  movement,  as  m  a 
charged  soap-bubble.  Thus  the  air  travels  verti- 
cally upwards — except  during  the  first  few  minutes  of 
a  magnetic  storm.  For  at  first  the  downward  momen- 
tum of  the  injected  particles  depresses  the  air,  before 
the  electricity  has  accumulated  sufficiently  to  reverse 
the  motion. 

In  the  process  of  electromagnetic  induction  the 
vertical  movement  acts  by  cutting  across  the  horizontal 
component  of  the  earth's  magnetic  force.  Since  the 
latter  is  directed  from  North  to  South,  the  upward 
motion  induces  an  electromotive  force  from  East  to 
West,  while  the  initial  downward  velocity  induces  one 
in  the  opposite  sense.  An  electric  current  flowing 
from  West  to  East,  as  in  the  latter  case,  will  increase 
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the  horizontal  magnetic  force  at  the  earth's  surface  ; 
this  is  what  is  usually  obser\-ed  in  middle  and  lower 
latitudes  during  the  first  few  minutes  of  a  magnetic 
storm.  Afterwards  the  reversal  of  motion  of  the  air, 
and  of  the  resulting  electromotive  force,  causes  a 
diminution  in  the  horizontal  magnetic  force  ;  this  is 
one  of  the  most  characteristic  features  of  magnetic 
storms. 

10.  The  electromagnetic  effects  of  a  storm  are  not 
quite  of  the  •  simple  type  which  might  be  expected 
from  the  remarks  of  §  9.  The  complication  arises 
mainly  from  the  unequal  distribution  of  the  corpus- 
cular injection.  This  inequahtv^  is  not  altogether  due 
to  the  deflection  of  the  particles  by  the  earth's  magnetic 
field  ;  in  part  it  is  due  to  the  circumstances  of  emis- 
sion from  the  sun.  Over  any  given  region  near  the 
auroral  zone,  for  instance,  -visual  observation  of  the 
auroras  strongly  suggests  that  the  injection  is  both 
"  patchy  "    and   intermittent. 

This  causes  the  ionization  of  the  air  to  vary  consider- 
ably from  place  to  place,  and  the  inequaUties  of  con- 
ductivity thus  set  up  are  Ukely  to  endure  for  some 
hours.  Consequently,  even  if  the  electromotive  force 
were  quite  uniform  in  direction  and  intensity',  the 
current-flow  would  be  far  from  uniform.  As  the 
inequalities  of  conductivity  are  probably  greatest  in 
the  polar  regions,  we  have  an  explanation  of  why  the 
magnetic  disturbances  in  those  parts  are  specially 
irregular.  The  great  intensity  of  disturbance  there  is 
due  to  the  high  average  value  of  corpuscular  injection 
and  ionization  around  the  poles.  I  have  found  evidence, 
wliich  will  be  discussed  in  a  future  paper,  that  the 
conductivity  in  the  "  maximum  auroral  zone  "  is 
particularly  intense. 

Besides  these  comparatively  small-scale  inequahties 
of  precipitation  and  conductivity,  the  study  of  the 
disturbance  portion  of  the  diurnal  magnetic  variations 
(which  represents  the  inequality  of  disturbance  round 
the  circles  of  latitude)  shows  that  the  solar  corpuscles 
fall  more  intenselj-  over  the  P.M.  than  o\er  the  A.M. 
hemisphere.  Thus  the  two  solar  ionizing  agents  have 
different  "  most  favoured  hemispheres  " — the  sunlit 
one  being  that  most  affected  by  the  other  agent,  the 
ultra-vdolet  wave  radiation. 

This  longitudinal  inequahty  of  conducti\aty  in  the 
auroral  layer  (here  regarded  as  extending  all  round 
the  globe,  whether  or  not  luminous  effects  are  visible) 
shows  itself  in  the  production  of  a  greater  diminution 
of  the  horizontal  magnetic  force,  in  middle  and  equa- 
torial latitudes,  over  the  P.M.  than  over  the  A.]M.  half 
of  the  earth.  Tliis  appears  clearly  from  the  disturbance 
diurnal  variation  of  horizontal  magnetic  force  in  the 
latitudes  mentioned  (cf.  Fig.  4)  ;  it  would  necessitate 
too  long  a  digression  to  explain  how  the  disturbance 
diurnal  variation  in  the  other  magnetic  "  elements  " 
and  in  other  latitudes  likewise  indicates  the  existence 
of  excesive  precipitation  of  corpuscles  over  the  P.M. 
hemisphere  and  round  the  "  auroral  maximum  "  zone. 

11.  Oire  interesting  circumstance  connected  with 
the  non-uniform  injection  of  charge  is  that,  while  it 
results  in  the  existence  of  inequahties  of  electrical 
conductivity  over  the  spherical  layer  affected,  the 
charge    itself    is    continuously   re-distributed    so    as   to 
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keqj  the  surface  density  of  electrification  practically 
unifurm.  This  is  true,  of  course,  of  anv  sphciical  elec- 
trified shell  of  sufficient  (tliough  not  necessarily  uniform) 
conductivit\'.  In  the  case  before  us  the  conductixity 
seenis  quite  large  enough  to  permit  the  re-distribution 
to  take  place  with  a  rapidity  altogether  exceeding 
that  of  the  escape  of  the  charge  right  away  from  the 
atmosphere — an  escape  which  does,  however,  ultimately 
result  (in  the  course  of  a  few  hours  or  days,  according 
to  the  duration  of  precipitation)  from  the  upward 
motion  referred  to  in  §  9.  The  re-distribution  seems 
to  be  of  an  oscillator)-  character,  and  so  to  be  accom- 
panied by  the  propagation  into  space  of  Hertzian 
waves    of    wave-length    approximately    equal    to    the 


Fie.  4. — Current  lines  (dotted)  and  lines  of  horiiontal  mag- 
netic force  at  the  earth's  surface,  corresponding  to  the 
disturbance  portion  of  the  soUr  diurnal  magnetic  varia- 
tion (j  10),  as  viewed  from  the  sun.  The  complications 
near  to  the  pole,  resulting  from  the  specially  high 
electrical  conductivity  of  the  upper  atmosphere  in  the 
auroral  zone,  are  neglected  in  this  dlagr.im. 


diameter  of  the  earth.  The  period  of  these  waves  is 
about  one-twentieth  of  a  second. 

The  surface  density  of  charge  thus  l>cing  maintained 
uniform  over  the  earth,  the  upward  clcctroslatir  force 
tending  to  produce  the  vertical  motion  «l  the  air  is 
likewise  uniform.  The  vertical  motion  itself,  however, 
will  not  l>c  uniform,  since  it  will  l>e  une<]ually  resisted 
by  the  mechanical  force  acting  downwards  on  the 
induced  currents,  tending  to  prevent  their  pro<Iuction. 
Thui  mechanical  force  la  profmrtional  to  the  intensity 
of  the  honznntAl  currents  and  of  the  horirontal  coin- 
p<»nent  ol  the  earth's  magnetic  force.  Tlic  latter  is 
least  at  the  p<ilrit  and  greatest  at  the  equator,  while 
the  fornior  i*  pr<il..ilily  greatest  in  the  auroral  /one. 
It  i»  tl.  ly  ra.sy  to  estimate  the  distribution 

of  the  ■■  ■  ■     ri  i.ver  the  layer. 

One  furth<T  circumktance  in  this  connection  deserves 


mention  :  the  precipitation  of  electric  cliarge  into  the 
atmosphere  docs  not  produce  an  "  electric  storm  " 
at  the  earth's  surface,  as  well  as  a  magpnetic  storm 
(or  minor  magnetic  disturbance).  During  a  world- 
wide magnetic  storm,  indeed,  in  which  the  extension 
of  the  corpuscularly  ionircd  layer  all  round  the  earth 
permits  a  uniform  re-distribution  of  the  charge,  no 
cliange  in  the  electrostatic  field  at  the  earth's  surface 
would  be  expected—  for  a  charge  on  the  outside  of 
a  conductor  docs  not  produce  any  electric  force  in  its 
interior.  But  even  in  the  case  of  a  minor  disturbance, 
due  to  a  stream  of  corpuscles  which  falls  upon,  and 
renders  conducting,  only  a  limited  portion  of  the  upper 
atmosphere,  no  electrostatic  change  at  the  earth's 
surface  is  observ.ible.  This  seems  to  be  owing  to  the 
electric  shielding  effected  by  the  other  ionized  layer, 
which  extends  all  round  the  earth  (though  it  is  most 
conducting  over  the  sunlit  hemisphere).  This  layer  is 
lower  than  the  other,  so  that  local  charges  in  the  auroral 
layer  do  not  electrically  affect  the  interior  of  the  "  diur- 
nal   variations  "    layer    (§  5). 

The  grounds  for  the  conclusion  that  the  latter  is 
lower  than  the  auroral  layer  may  be  brielly  described 
here.*  If  the  solar  semi-diurnal  atmospheric  circula- 
tion, which  is  produced  by  thermal  action  at  or  near 
the  earth's  surface,  extended  up  into  the  auroral  layer, 
the  conductivity  existing  there  at  times  of  magnetic 
disturbance  would  permit  an  increased  induction  of 
"  diurnal  variation  currents  "  at  such  times.  In 
particular,  the  semi-diurnal  component  of  the  solar 
diurnal  magnetic  changes  should  be  increased  ;  this 
is  not  found  to  occur,  the  modification  in  these  changes 
due  to  disturbed  conditions  being  of  quite  different  type 
(cf.  Figs.  3  and  4).  The  lunar  atmospheric  tide,  on  the 
contrary,  is  produced  by  forces  acting  on  each  portion  of 
the  air  throughout  its  whole  extent,  so  that  it  should 
extend  liigher  up  than  the  solar  diurnal  circulation  ; 
and  this  is  confirmed  by  thtf  fact  that  the  lunar  semi- 
diurnal magnetic  variation  is  increased  at  times  of 
disturbance.  Hence  the  layer  in  which  the  quiet- 
day  magnetic  changes  are  produced  must  be  lower 
than  the  auroral  layer.  Assuming  that  the  latter 
is  situated  at  approxitnately  the  same  height  in  all 
latitudes  (i  e.  that  the  penetrating  power  of  the  cor- 
puscles is  indei)endcnt  of  the  latitude  to  wliich  they 
arc  deflected),  the  former  layer  may  be  ascribed  to  a 
lower  level  than   100  kilometres. 

12.  Hefore  proceeding  to  consider  the  physical  nature 
of  the  solar  corjiuscles,  and  their  connection  with  the 
ultra-violet  light  which  ionizes  the  lower  conducting 
layer  of  the  atmosphere,  some  of  the  principal  features 
of  aurora;  must  l>e  touched  on. 

The  existence  of  a  zone  of  maximum  auroral  fre- 
quency round  each  pole  of  the  earth's  magnetic  axis, 
and  of  radius  about  twenty  degrees,  has  already  been 
mentioned.  Near  these  zones  atiroras  arc  visible  on 
almrtst  every  night  on  which  the  conditions  of  seeing 
arc  suitable.  When  speci.Tlly  intense  streams  of  cor- 
puscles are  in  the  cjirlh's  neighlxiurhood.  however, 
precipitation  of  intensity  sufficient  to  priKluce  lumin- 
osity  occurs  over   a   more   extended   region.     At  such 

*  Jhrr  arv  ctvfv  mnrr  fully  Id  a  p*r*r  eoroiDuoidtcd  lo  Ihr  Cambridf* 
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times,  which  are  marked  by  the  occurrence  of  unusually 
\4olent  magnetic  disturbance,  i.e  by  magnetic  storms, 
aurorae  are  observed  over  a  large  range  of  latitude, 
simultaneously  in  each  hemisphere.  Occasions  on 
which  aurorae  are  thus  visible  so  far  south  as  London, 
for  instance,  occur  on  an  average  about  six  times  a 
year. 

There  are  many  different  fornis  of  aurorse — In 
particular,  axes,  streamers,  curtains  and  coron£e. 
But  it  seems  not  unlikely  that  all,  or  nearly  all,  these 
are  merely  different  aspects  of  aggregations  of  one 
elemental  unit,  the  simple  streamer  or  ray.  When 
curtain  aurorae  are  viewed  from  a  point  directly  beneath 
them  the}'  are  seen  to  consist  of  a  thin  wa\-\'  and  dis- 
continuous series  of  parallel  streamers.  The  auroral 
corona  appears  to  be  formed  of  a  rather  different  arrange- 
ment of  similar  rays.  This  unity  of  composition 
agrees  with  the  evidence  of  height  determinations 
(which  show  that  all  tj'pes  of  aurorae  come  down 
to  approximately  the  same  level)  in  indicating  that 
there  is  no  essential  physical  difference  between  the 
various  forms.  The  lower  limit  of  height  is  loo  kilo- 
metres abo\'e  the  ground,  very  nearly,  in  all  cases. 
Vegard  states  that  no  aurorae  has  been  certainly  proved 
to  extend  downwards  below  a  height  of  95  kilometres. 
The  great  majority  lie  between  100  and  130  kilometres, 
and  within  this  range  there  are  two  well-marked  levels 
of  maximum  frequency  of  occurrence,  corresponding 
to  lower  limits  of  100  and  106  kilometres.  This  in- 
dicates that  the  solar  corpuscles  probably  fall  into 
two  homogeneous  groups,  travelUng  \\-ith  rather  different 
speeds  and  therefore  ha\-ing  different  powers  of  pene- 
tration. The  heights  named  do  not  seem  to  vsLvy  with 
latitude,  or  from  year  to  year  ;  thus  the  degree  of 
activity  on  the  solar  surface  does  not  affect  the  nature 
and  speed,  but  only  the  intensity  and  frequency,  of 
corpuscular  emission  from  the  sun. 

13.  There  is  a  tendency  for  the  brightest  part  of 
auroral  bands  and  rays  to  occur  at  their  lower  edge, 
though  in  the  case  of  rays  it  is  occasionally  found  some 
•distance  above  this  level.  The  fact  has  a  bearing  on 
the  question  as  to  the  precise  nature  of  the  solar  particles, 
tending  to  confirm  Vegard's  hypothesis  that  they  are 
a-particles,  as  the  radius  of  the  maximum  auroral 
zone  suggests  {§  8).  Such  particles,  of  molecular 
mass,  are  found  to  penetrate  to  a  definite  distance  when 
projected  into  a  gas  ;  they  travel  in  practically  straight 
lines  for  this  distance  and  then  come  to  a  relatively 
dead  stop  when  their  velocity  is  reduced  to  that  of 
the  surrounding  molecules.  The  ionization  (and  lumin- 
osity, if  such  is  produced)  is  greatest  shortly  before 
they  reach  their  limit  of  penetration.  These  features, 
as  we  have  seen,  are  manifested  by  aurorae,  and  are 
quite  distinct  from  those  which  characterize  the  pro- 
jection of  negative  electrons,  /3-particles,  into  a  gas. 
Moreover,  a  stream  of  a-particles  has  much  greater 
power  than  has  a  stream  of  /3-particles  of  being  projected 
intact  in  free  space  to  a  great  distance  ;  tor  the  charge 
on  an  a-particle  is  only  twice  that  of  a  /j-particle,  while 
the  momentum  of  the  a-particle  is  far  greater  than  that  of 
the  other.  It  is  thus  better  able  to  resist  the  dispersing 
influence  of  the  electrostatic  repulsion  mutually  exerted 
by  the  members  of  a  stream  of  particles  all  of  one  sign 


of  charge.  A  further  argument  tending  to  the  same 
conclusion  rests  upon  the  explanation  wliich  has  been 
given  of  the  increase  in  the  earth's  horizontal  magnetic 
force  during  the  first  few  minutes  01  a  magnetic  stomi. 
Tfiis  (§  9)  was  attributed  to  the  downward  momentum 
of  the  injected  particles,  and  the  fact  that  the  momentum 
is  able  to  manifest  itself  in  this  way  is  much  less  surpris- 
ing if  the  particles  are  as  hea\-y  as  hehum  atoms  than 
if  they  are  mere  negative  electrons. 

14.  Two  further  points  which  arise  for  consideration 
relate  to  the  circumstances  of  the  corpuscular  emission 
from  the  sun,  and  to  the  connection  betiveen  the  ultra- 
violet wave-radiation  and  the  corpuscles.  These,  if 
a-particles,  may  possibly  be  products  of  radio-active 
processes  occurring  on  the  sun.  This  would  explain,  in 
a  way  not  easy  on  any  other  hT,-pothesis,  the  high  speed 
and  homogeneity  of  the  corpuscular  rays  {§  12).  Again, 
the  suggestion  derives  support  from  the  existence  of 
the  other  solar  ionizing  agent,  the  ultra-violet  light 
radiation,  which,  as  we  have  seen,  is  more  penetrating 
than  the  corpuscular  emission.  In  the  past,  before 
the  evidence  for  the  effective  presence  of  both  kinds 
of  radiation  was  recognized,  discussion  concerned 
itself  with  the  relative  merits  of  the  two — corpuscles 
and  uItra-\-iolet  hght — regarded  as  alternatiue  ionizing 
agents.  Two  of  the  difficulties  were  as  follows  :  in  the 
case  of  the  corpuscles,  the  accumulation  of  charge  in 
the  earth's  atmosphere  was  mentioned  as  an  argument 
against  them — in  the  present  review,  the  escape  of 
accumulated  charge  is  put  forward  as  a  main  factor  in 
the  production  of  the  magnetic  storms  associated  with 
solar  disturbance  ;  in  the  case  of  the  alternative  agent, 
it  seemed  hard  to  understand  how  the  ultra-violet  hght, 
supposed  absorbed  in  the  earth's  atmosphere  (since  it 
does  not  reach  the  ground-level),  could  escape  from  the 
sun's  atmosphere.  Moreover,  regarding  the  ultra-violet 
hght  as  simply  part  of  the  ordinary  radiation  of  the  sun, 
treated  as  an  incandescent  "  perfect  "  or  "  black-body  " 
radiator,  Swann  had  shown  that  the  amount,  even  if 
the  whole  escaped  from  the  sun,  was  quite  inadequate 
to  produce  the  observed  ionization  of  the  upper  atmo- 
sphere. Both  these  difficulties  are  av-oidedif  we  suppose 
the  ultra-violet  hght  to  consist  of  y-rays,  i.e.  the  ex- 
tremely penetrating  wave-radiation  which  in  certain  radio- 
active processes  accompanies  the  emission  of  a-particles 
and  /3-particles.  These  y-rays  are  immensely  more  pene- 
trating than  either  /3-  or  a-particles,  so  that  as  the  latter 
prove  able  to  escape  from  the  sun's  atmosphere,  it  is 
natural  that  the  y-rays  should  hkewise  do  so  ;  how  far 
the  speed  of  the  particles  is  reduced  in  the  solar  atmo- 
sphere we  cannot  say,  but  the  y-rays  which  escape  will 
maintain  their  superior  penetrating  power,  and  so  ionize 
a  layer  in  the  terrestrial  atmosphere  lower  than  the 
auroral  layer.  The  rays  do  not  travel  to  a  definite 
distance  before  absorption,  as  do  the  a-particles  ;  their 
intensity  diminishes  exponentially  with  the  mass  of 
the  gas  traversed.  As  the  density  of  the  earth's  atmo- 
sphere increases  approximately  exponentially  with  depth 
(reckoned  from  the  outside),  it  is  probable  that  the 
lower  ionized  layer  in  the  atmosphere  is  ill-defined  both 
above  and  below  ;  the  liigher-hing  auroral  layer,  on 
the  contran,-,  though  ill-defined  above,  has  a  sharply- 
marked  lower  Umit. 
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1  lie  lad  \n.i\  ih.ih  i  'ui/iiig  agents,  though  of  such 
distinrt  kinds  are  more  intense  durinc  years  ol  great 
'  •  s  iiir  the 

,  .11   them, 

aii.l  IS  thus  acc(ird.uil  with  the  hyptilJa-si^ ol  their  radiii- 
aitive  origin.  The  y-radiation,  however,  seems  to  vary 
tiintinuously  and  gradually,  while  the  streams  of 
c>irpusclcs  are  discontinuous  and  intermittent.  I  am 
inchiied  to  attribute  this  to  the  fact  that  the  radiation, 
whether  priKiuced  locally  or.  as  seems  more  likely,  all 
over  the  sims  snrfaie,  will  spread  out  in  all  directions 
— what  w  at  the  earth  coming  from  the  whole 

of  the  <■:  :<'a      In   the  case  of   the  corpuscles. 

prohiMv  t.'nv  iitliir  cannot  escape  at  all  from  the  suns 
peiu'ral  ni  iiiiu-tic  (icld.  or  can  do  so  only  in  difluse 
inas.s<'s,  e\rept  where  the  intense  magnetic  fields 
which  I'rolcssor  Hale  has  shown  to  exist  over  sunspots 
provide  a  "  guide."  analogous  to  a  channel,  along  wliich 
they  c.in  stream  outwards.  The  undoubted  connection 
between  tlistiirhei!  .ire.is  on  the  sun  and  magnetic  storms 
teii'is   t"   -  '    such  conclusion.     Perhaps  the 

•iti!!!\-  •■!    ■  fields  of  sunspots  will  in   time 

lu  leler  a  given  magnetic  stonn  to  a  particular 
.  1  region  on  the  sun,  by  indicating  which  region 

IS  associated  with  lines  of  magnetic  force  directed 
towards  the  earth  ;  attempts  by  other  methods  to 
establish  such  a  connection  have  never  yet  met  with 
siuress.  Hitherto  there  has  l>cen  great  uncertainty 
a>  to  the'  time  taken  by  the  solar  corpuscles  to  reach 
the  earth  ;  if  tliey  are  a-particles,  the  time  of  passage 
can  be  assigned  within  fairly  narrow  Umits,  as  from 
aliout  two  to  tliree  hours. 

Nothing  has  so  far  l»cen  said  alniut  the  /)-particles 
einitti-<l  during  the  radio-active  pifxcsses  mentioned. 
It  may  be  that  these  negative  particles  escape  from 
the  sun  ditfusely,  or.  if  in  streams  with  the  a-particlcs. 
that  they  l)econie  dispersed,  owing  to  their  much 
greater  dex-iabilitv,  before  they  reach  the  earth.  Cer- 
tainly th'  ■  from  the  sun  in  §ome  way.  as  it 
in  net  t"  Uat  the  sun  is  steadily  accumu- 
I-  ;  while  there  seems  to  be  no 
I                                           s  of  corpuscles  reach  the  earth. 

ii  the  above  suggestion  is  confirmed,  that  r.idio-activc 

ii..nk(..riuation»    on    the    sun    are    responsible    for    the 

which    aflcct   the   earth's   atmosphere,    such 

jii...  .V-.-,  must  play  a  much  greater  part  in  the  economy 

of  the  sun  than  has  generally  l)cen  supposed  ;   and  they 

must  l>c  1  ■  .1  with  the  cycle  of  viiriation 

f.(   «/i1ar  iillra-iiolrt   wave   radiation 

1  witli  y-iayh)  is  1'  ^cnsc  at  some 

'ii.T   as  at  sunsiwit 

15,  II.  les  the  present  account  of  the  high- 
level  ati  .1..  tii.  .il  phenomena  which  it  has 
l>een  my  ■  under  re^^ew.  '1  he  subject 
i»  by  no  111.  ...i-i  .Ml  .1.1.1  .11  ifd,"  and  I  have  failml  if  any 
oth<T  iniprcftnion  of  It  has  |->ccn  given  than  that  ol  a 
held    of  •     •  ; 

m<|r-<       1 

lie     cliiiijisc'l.       iv)      lal      as 

r-r)    of    if    which    has    been 

'  .  l>e  a  btani  li 

with  the  u|)i)ei 

atmoupbcre  not  directly  within  the  roach  of  our  instrti- 


ments.  As  yet  it  is  too  early  to  say  how  iar  a 
knowledge  of  these  phenomena  <f  the  upper  strato- 
sphere is  likely  to  assist  in  solving  the  important 
practical  problem  of  weather  prediction.  These 
phenomena  are.  however.  e\-en  more  closely  con- 
nected with  solar  physics — certainly,  at  any  rate,  in 
a  more  varied  way— than  is  general  meteorology,  or 
than  tlie  latter  is  with  the  subject  of  tliis  paper :  and 
the  study  of  them  seems  hkely  to  contribute  reciprocally 
to  the  advancement  of  solar  physics  in  a  way  of  which 
ordinary  meteorology  shows  no  promise.  The  secondary 
currents  induced  within  the  earth  by  those  flowing  in  the 
upper  atmosphere,  again,  extend  the  subject  into  a  region 
quite  distinct  from  atmospheric  dynamics  and  tliermo- 
djniamics,  and  provide  one  of  the  few  means  of  research 
into  the  properties  of  the  deep-lying  interior  ol  the 
earth. 

Wliile  these  studies  may  be  expected  to  further  other 
branches  of  science,  those  by  the  aid  of  which  they 
ntust  tliemselvcs  be  advanced  are  very  numerous. 
Amon^  them  general  ph\'sics — particularly  electro- 
magnetism,  radio-acti\ity,  and  spectroscopy — and 
matliematics,  in  addition  to  the  sciences  already  named, 
come  foremost.  On  tlie  observational  side  the  oppor- 
tunities for  valuable  research  are  Ukewise  numerous 
and  varied,  and,  as  in  the  case  of  astronomy,  though 
to  a  less  extent,  many  of  them  have  been  ably  utilized 
by  amateurs,  as  well  as  by  those  who  ha\'e  worked 
under  the  auspices  of  institutions  maintained  for  the 
purpose  of  research.  Probably  few  electrical  engineers 
have  leisure  to  devote  themsehes  personally  to  the 
study  of  these  somewhat  remote  ramifications  of  the 
science  of  electro-magnetism,  but  1  hope  that  it  may 
not  be  without  interest  to  them  to  consiiler  briefly 
such  examples  of  how  the  principles  underhing  the 
more  familiar  applications  of  electricity  are  illustrated, 
in  various  ways  and  on  a  large  scale,  in  Nature. 


Note  {Added  15  July,  1920)  :  During  the  15 
months  which  have  elapsed  .since  the  above  paper  was 
written,  further  study  has  led  to  the  recognition  of 
new  facts  and  consider.itions  which  necessitate  revision 
of  some  of  my  statements,  in  imponant  though  not 
fundamental  respects.  Professor  Lindcmann  has  pub- 
lished a  criticism  of  piart  of  my  theory  of  magnetic 
storms,  and  proposed  an  alternative  version.  For 
reasons  which  cannot  be  entered  upon  in  this  Note, 
I  am  unable  to  accept  this  vci-sion,  and  I  adhere  to 
the  view  that  storms  are  produced  by  streams  cc<niposed 
mainly  though  not  entirely  of  one  sign  of  charge.  The 
lun.ir  diurnal  magnetic  \ariation  prov&s  to  l>e  more 
complicated  than  1  had  .Tnticijvitcd,  and  tends  to 
suggest  that  there  arc  Ihref  and  not  only  two  ionized 
atn)os]i|ieric  layers  associated  with  the  magnetic 
variations.  Again,  the  escape  of  the  cliarge  dtiiing  a 
magnetic  storm  would  seem  to  involve  less  motion 
<>f  the  air  than  1  had  hitherto  supposed,  since  the 
ions  liave  a  conKidcrablc  free  rango  in  the  rarefied 
air.  A  considciation  of  the  diflcreiit  degiecs  of  mobility 
of  the  jKisitivc  .111(1  ncgati\  e  ions  leads  me  to  conclude 
definitely  tliat  the  corpuscles  re.sjKinsible  for  a  magnetic 
storm  are  nrgalivrly  chaige<l,  so  that  the  suggestion 
that  they  arc  a-paiticles  must  be  withdrawn. 
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Discussion  before  The   Institution,  22  May,  1919. 


Sir  F.  W.  Dyson  :  When  one  considers  the  great 
variety  of  phenomena  which  are  dealt  with,  namely, 
auroras,  sunspots,  solar  rotation,  tides  in  the  atmosphere, 
magnetic  variations,  and  the  different  lands  of  variations 
on  the  ordinary  quiet  day,  and  those  which  occur  at 
times  of  magnetic  storms,  it  is  obviously  very  difficult 
to  embody  all  these  diverse  phenomena  into  one  theory 
as  the  author  has  done.  There  are  a  number  of  observa- 
tories throughout  the  world  at  which  great  masses  of 
records  are  accumulated,  and  to  a  great  extent  nobody 
knows  what  to  do  with  them.  It  is  very  easy  to 
accumulate  these  observations,  but  it  is  a  very  difficult 
matter  to  co-ordinate  them  and  make  a  consistent 
theory  connecting  them  all.  That  is  what  the  author 
has  done.  I  take  it  that  as  far  as  magnetic  observations 
go,  one  of  the  main  points  on  which  he  bases  his  theory 
is  the  difference  between  the  daily  movement  on  ordinarj^ 
quiet  days  and  that  remarkable  movement  which  is 
not  dependent  on  the  local  time  of  the  observatories, 
the  remarkable  movement  in  the  horizontal  forces 
which  occur  during  magnetic  storms.  That  apparently 
is  one  most  regular  feature  among  the  very  irregular 
changes  which  occur  in  magnetic  storms. 

Dr.  W.  H.  Eccles  :  The  subject  is  of  verj'  general 
electrical  interest,  but  I  feel  that  I  am  concerned  with 
only  one  possible  application  of  it,  namely,  wireless 
telegraphy.  All  wireless  men  will  be  very  grateful 
to  the  author  for  introducing  into  this  subject  the 
novelty  of  definiteness.  The  author  lays  down  some 
very  definite  figures.  He  tells  us,  for  instance,  that 
there  is  a  layer  in  the  atmosphere  at  a  height  of  loo 
kilometres  down  to  which  the  auror.je  descend,  that  is 
to  say  down  to  which  the  alpha  particles  can  descend, 
and  that  beneath  this  there  are  permanent  ionized 
layers  forming  a  definite  ceiling  just  such  as  we  have 
wanted  to  know  of  in  wireless  telegraphy  for  very 
many  years.  The  second  thing  we  wanted  in  wireless 
telegraphy  was  something  in  the  nature  of  a  conducting 
layer  produced  by  sunUght  daily  under  that  ceihng. 
The  reasons  for  our  demands  are  well  known.  In 
the  night  one  can  transmit  to  distances  far  beyond 
what  could  be  attained  by  unassisted  diffraction, 
almost  as  if  the  divergence  were  in  two  dimensions 
only.  In  the  day  the  ranges  drop  enormouslv,  apparently 
because  the  sun  ionizes  lower  levels  and  brings  in  rather 
heavy  absorption  of  electric  waves,  or  too  rapid  bending 
of  them  down  towards  the  earth,  so  that  they  are  lost. 
For  instance,  in  the  Dutch  East  Indies  certain  experi- 
ments by  de  Groot  between  a  fixed  station  and  a 
warship  over  very  hilly  country  showed  that  signals 
were  better  in  the  daytime  for  about  200  kilometres 
than  thev  wei'e  at  night.  At  night  the  hills  deflected 
the  rays  from  the  fixed  station  towards  "high  layers 
whence  they  were  reflected  down  beyond  the  distance 
to  which  the  ship  was  sent.  But  in  the  daytime  the  rays 
were  apparently  bent  downwards  before  they  reached 
that  upper  layer,  and  therefore  the  ship  close  up  received 
the  signals.  The  third  thing  to  be  investigated  from 
the  wireless  aspect  is  the  lower  atmosphere,  where 
moisture  and  air  currents  and  that  kind  of  phenomena 


enter,  which  we  know  have  some  influence  on  signalling. 
That  again  is  provided  by  the  author's  paper.  I  might 
mention  that  the  effect  on  signals  of  the  troposphere 
has  been  proved  by  some  observations  not  yet  published 
between  Swan  Island  off  the  coast  of  South  America, 
and  New  Orleans.  The  wireless  men,  I  think,  scarcely 
wanted  any  corroboration  that  the  three  layers  had 
those  three  functions,  but  lately  Professor  G.  N.  Watson 
has  obtained  a  mathematical  solution  of  the  problem 
of  the  propagation  of  waves  partly  by  diffraction  and 
partly  by  reflection  from,  or  perhaps  absorption  in, 
a  conducting  atmosphere,  and  he  has  found  that  he 
can  corroborate  by  his  analysis  a  famous  formula  that 
has  been  in  use  for  many  years  by  wireless  telegraphists 
for  estimating  the  ranges  for  long  distances.  That 
formula  depends,  I  understand  fronr  the  present  paper, 
on  the  absoi-ption  and  bending  in  the  middle  atmosphere  ; 
it  does  not  refer  to  reflection  from  what  I  have  called 
the  ceiling,  the  bottom  of  the  permanently  ionized 
atmosphere.  I  should  like  to  have  the  author's  opinion 
on  that  point.  I  realize  very  keenly  the  enormous 
labour  required  to  reduce  all  the  curves  and  observations 
he  has  discussed,  and  I  am  very  grateful  that  he  has 
put  his  results  into  simple  language  and  given  us  a 
clear  mental  picture  of  the  phenomena. 

Dr.  G.  N.  "Watson  :  I  have  very  Uttle  to  say 
beyond  what  Dr.  Eccles  has  just  said,  except  to  ask 
one  or  two  questions  about  numerical  results.  I  have 
investigated  the  problem  of  the  layer  in  the  upper 
atmosphere  from  the  mathematical  point  of  view,  and 
I  find  that  if  we  suppose  there  is  a  ceiling  with  a  fairly 
definite  boundary,  as  the  form  of  the  aurora  seems  to 
suggest,  then  it  is  possible  to  obtain  Austin's  famous 
numerical  formula  in  wireless  telegraphy,  that  the 
magnetic  force  produced  by  wireless  disturbance  varies 
as  the  exponential  of  a  negative  multiple  of  the  distance 
from  the  transmitter.  The  precise  multiple  in  Austin's 
formula  is  given  as  96  divided  by  the  square  root 
of  the  wave-length  (measured  in  kilometres),  and  that 
number  is  exactly  produced  if  the  proper  height  and 
conductivity  are  given  of  the  layer.  The  formula 
I  have  obtained  agrees  with  Austin's  if  (tA^=  I "67  x  10", 
where  h  is  the  height  of  the  laj'er  in  kilometres,  and 
a  is  its  conductivity,  measured  in  rational  units  ;  so 
that  if  one  takes  the  auroral  layer  at  the  height  of  100 
kilometres,  that  gives  a  conductivity  to  the  layer  which 
is  not  very  widely  removed  from  the  conductivity  of 
fresh  water.  I  should  very  much  like  to  know  whether 
the  author  is  able  to  give  any  information  that  that 
conductivity  can  be  obtained  from  the  electromagnetic 
phenomena  which  he  has  discussed  this  evening.  The 
formula  that  I  obtained  is  not  inconsistent  with  what 
Dr.  Eccles  has  just  mentioned  on  the  subject  of  the 
increased  difficulty  in  signalling  by  daylight  as  opposed 
to  signalling  by  night.  If  the  conductivity  is  diminished, 
it  is  more  difflcult  to  signal,  so  that  it  is  quite  conceivable 
that  the  increased  difficulty  in  signalUng  by  dayhght 
may  be  due  partly  to  the  lowering  of  the  layer  on  account 
of  the  sunlight,  and  partly  to  a  change"  in  the  conduc- 
tivity of  the  lowest  level  of  the  ionized  layers.     Another 
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point  which  I  should  hkc  to  ask  the  author  about  is 
this :  does  he  think  the  sudden  sharp  boundary  of 
tlie  auroral  layer  is  produced  by  the  fact  that  the 
conductivity  suddenly  drops  practically  to  zero  or 
drops  below  a  certain  amount  beyond  which  the  outer 
particles  cannot  get  through  i 

Mr.  E.  A.  Reeves  :  I  am  interested  in  terrestrial 
magnetism  especially  as  regards  the  geographical 
distribution  of  magnetic  phenomena,  but  one  cannot 
deal  with  that  subject  without  having  something  to 
do  with  atmospheric  electricity.  This  geographical 
distribution  has  led  me  at  times  to  consider  the  distribu- 
tion of  the  aurora,  both  in  the  northern  and  in  the 
southern  polar  regions.  It  is  usual  to  suppose  that  the 
lines  of  relative  frequency  of  the  aurora  follow  more  or 
less  regular  curves  round  the  magnetic  poles,  and  I  think 
that  this  is  stated  to  be  the  case  in  the  paper.  However 
I  am  not  sure  that  these  curves  are  not,  to  some 
extent,  influenced  by  the  areas  of  maximum  magnetic 
intensity  in  high  latitudes.  In  the  North  Polar  regions 
the  curve  of  maximum  frequency  includes  quite  a 
large  part  of  Arctic  .■\merica,  and  then  is  pulled  out 
somewhat  in  the  form  of  an  ellipse  towards  North- 
East  Asia  and  the  Bering  Straits  in  the  general  direction 
of  the  Asiatic  area  of  great  intensity,  IcaN-ing  the  magnetic 
f>ole  nowhere  near  the  centre.  An  inspection  of  any 
recent  chart  of  the  aurora-frequency  curves  will  show 
this  to  be  the  case.  The  paper  is  verj'  interesting,  but 
we  require  more  facts  and  better  means  of  observation 
for  detecting  the  direction  of  the  particles  or  corpuscles 
that  are  ejected  from  the  sun.  I  rather  hoped  that 
something  would  be  said,  not  merely  about  disturbances 
in  the  diurnal  changes  or  the  more  abnormal  disturbances 
of  magnetic  storms — but  about  the  slow  and  more  or 
less  gradual  and  regular  annual  change  in  declination 
or  incUnation. 

Mr.  E.  W.  Maunder  :  My  own  connection  with 
magnetic  storms  has  been  from  a  different  side  from 
the  author's,  for  my  field  of  observation  has  been  mainly 
cr>nceme<l  with  sunspots.  Soon  after  I  came  to  Greenwich 
Observatory',  some  46  years  ago.  Mr.  Ellis  was  appointed 
Superintendi-nt  of  the  Magnetic  Department  there, 
and  I  lcarne<l  from  him  the  chief  characteristics  of 
magnetic  storms,  and  to  take  an  interest  in  them. 
In  the  year  1882  several  very  large  spots  were  seen 
on  the  sun,  two  of  the  largest  occurring  in  April,  and 
a  third,  larger  still,  in  November  of  that  year.  I  was 
much  struck  bv  the  fact  that  we  had  violent  disturbances 
of  the  I  two  of  them  in  April,  while  the  first 

two  8]"  were  on  the  sun,  and    the   thinl,  and 

greatest,  111  November,  ojntemporancouslv  with  the 
chief  !iun.s]iot  of  the  year.  I-"rom  that  time  forth  I 
felt  Juirc  that  there  was  a.  direct  connection  l)etwecn 
uolar  activity  and  magnetic  disturbances,  aii<l  the 
impression  was  greatly  confinne<l  in  1892  when  another 
great  iipot  of  cnormouK  dimensions  crossc<l  the  disc, 
and,  as  it  jmkhoI  the  central  meri<lian.  there  w.is  another 
V  '"'■■     I   tried   then   to  see  if   I 

f>"  IkpH  IxMwern  these  two  orders 

"f  I    ni.idc  a  c^atalogue  of  the  larRest 

"I"  ■  .indrr  my  nrdicc,  and  als<>  one  of 

the  principal  magnetic  di«tiirbanccs,  of  which  Mr. 
Ellis  Bopplml  n.r  xiith  a  list;    but  I  could  not  make 


anything  out  of  the  comparison  except  that  there  was 
a  sort  of  general  relation  between  the  two  phenomena. 
On  the  whole  it  might  be  said  that  in  a  year  when  there 
were  many  big  spots,  there  would  be  a  large  number 
of  disturbances  ;  but  there  might  be  occasions  when 
the  sun  would  not  have  a  single  spot  upon  it  and  yet 
there  would  be  a  distinct  magnetic  disturbance,  while 
on  the  other  hand  we  might  have  a  great  spot  on  the 
sun  and  no  answer  to  it  in  magnetic  phenomena.  Later 
on,  when  the  next  sunspot  cycle  was  beginning  to  become 
active,  in  1903,  the  question  came  up  again.  On  the 
1 2th  October,  1903,  we  had  a  verj-  fine  group  of  spots, 
and  quite  a  distinct  magnetic  storm.  Then  on  the 
31st  October  of  that  year  there  was  a  tremendous 
magnetic  disturbance,  one  of  the  biggest  and  most 
world-wide  that  I  can  remember,  but  the  principal 
spot  on  the  sun  that  dav  was  only  of  the  second-  or 
third-rate  order.  It  seemed  to  call  for  a  fuller  explana- 
tion as  to  how  it  was  that  with  a  verj'  large  spot  we 
got  what  I  might  call  a  second-rate  disturbance,  while 
with  a  smaller  spot  a  first-class  storm  was  obser\-ed. 
I  tried  to  make  out  a  list  of  all  the  magnetic  storms 
and  all  the  sunspots,  and  see  if  1  could  work  out  any 
sort  of  satisfactory'  correlation,  and  in  the  course  of 
the  inquiry  it  struck  me  that  it  would  make  my  task 
much  easier  if  I  took  the  magnetic  storms  first — as 
they  were  less  numerous  than  the  spot-groups— and 
computed  the  longitude  of  the  centre  of  the  sun's  disc 
for  everj'  time  that  a  magnetic  disturbance  commenced. 
While  I  was  engaged  in  forming  that  catalogue,  I 
came  across  the  explanation  of  my  difficulty.  In  the 
autumn  of  1886  four  successive  magnetic  disturbances 
occurred  when  the  same  longitude  of  the  sun  was  on 
its  central  meridian,  and  in  the  autumn  of  the  following 
year  there  was  again  a  succession  of  four  magnetic 
disturbances  when  the  same  longitude  of  the  sun  was 
on  the  same  meridian — not  the  same  longitude  as  the 
first  set,  but  about  13°  distant  from  it.  I  saw  at  once 
that  there  was  only  one  hypothesis  upon  which  these 
occurrences  could  be  explained,  namely,  that  the  sun 
had  had  a  direct  effect  upon  the  earth,  and  that  its 
influence  liad  been  conveyed  from  thence  to  this  world 
in  definite,  restricted  streams.  Inasmuch  as  most  of 
the  magnetic  disturbances  began  sharply — many  of 
them  at  the  same  instant  of  time  all  the  world  over— 
they  could  not  be  due  to  a  general  influence  from  the 
whole  surface  of  the  sun  ;  the  influence  must  come  from 
a  limited  region,  and  could  only  lie  transmitted  to  the 
earth  along  restricte<l  streamline.-;,  not  by  general 
radiation  in  all  directions  through  space.  After  that 
1  went  through  the  whole  record  of  magnetic  disturbances 
preserved  at  Greenwich  from  the  very  Ix-ginning  of  the 
method  of  photographic  registration  of  the  movements 
of  the  magnets,  and  when  the  longitude  of  the  central 
meridian  of  the  sun  w.os  coin]iuted  for  each  time  of 
disturbance,  it  Ix-came  evident  that  there  was  a  strong 
trmlency  for  magnetic  disturbances  to  recur  when 
the  same  longitude  of  the  sun  came  round  a  second 
time.  As  an  illustnition,  1  mav  mention  that  the  great 
s])ot  of  Febniarv  1802,  whicli  had  an  area  of  3.500 
million  square  miles,  had  diminished  to  one-fifth  its 
former  area  when  it  came  round  again  in  March,  yet 
directly  it  reached  the  same  part  of  the  sun'.s  apparent 
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disc,  where  it  had  been  at  the  time  of  the  first  disturb- 
ance, another  disturbance  ahnost  as  great  occurred.  It 
was  clear,  therefore,  that  although  the  sunspot  had 
nearly  died  out,  yet  the  magnetic  effect  transmitted 
from  the  sun  was  practically  undiminished.  This 
cleared  up  the  difficulty  that  I  had  felt  of  explaining 
how  it  was  that  we  might  have  an  important  magnetic 
disturbance,  and  yet,  at  that  very  time,  there  might 
be  no  spots  on  the  sun  at  all ;  that  is  to  say,  that  the 
magnetic  effect  from  the  disturbance  on  the  sun  was  of 
longer  continuance  than  the  visible  appearance  of  the 
spot.  It  has  therefore  been  of  the  utmost  interest  to 
me  to  find  how  the  author  has  answered  the  question 
which  arose  in  my  mind  after  I  had  got  thus  far,  but 
which  I  myself  was  quite  unable  to  answer  ;  that  is  to 
say,  what  becomes  of  the  magnetic  influence  of  the  sun 
when  it  has  reached  the  earth  ?  In  what  way  does 
it  affect  our  atmosphere,  and  in  what  way  does  it  disturb 
the  magnetic  condition  here  ? 

Mr.  L.  B.  Atkinson  :  I  feel  that  the  author  has 
fiUed  in  a  gap  that  was  left  by  Dr.  Chree  in  his  recent 
lecture  on  "  Magnetic  Storms  "  (Journal  I.E.E.,  1919, 
vol.  57,  p.  591).  There  are  one  or  two  questions  I 
should  like  to  ask  the  author.  He  speaks  of  the  action 
of  these  currents  of  air  which  are  moved  bj'  the  sun  and 
the  tidal  effects  of  the  moon  acting  like  the  conductors 
of  a  dynamo  on  the  magnetic  field3  of  the  earth.  I 
should  Uke  to  know  whether  in  the  view  of  those  who 
have  studied  the  subject  the  earth  is  v-iewed  as  revolving 
in  a  fixed  field,  or  whether  they  regard  that  field  as 
revolving  with  the  earth.  On  this  will  depend  whether 
there  is  or  is  not  the  electromotive  force  in  the  atmo- 
sphere in  these  higher  layers,  that  is  to  say  due  to  the 
rotation  in  this  field,  if  it  is  fixed  in  space.  Again, 
has  any  computation  been  made  of  the  magnitude  in 
amperes  of  these  atmospheric  currents  for  any  given  area  ? 
AVhat  are  the  approximate  values  in  ever^-day  units  of 
these  currents  which  produce  magnetic  disturbances  ? 

Mr.  E.  H.  Rayner  :  There  are  one  or  two  electrical 
points  which  rather  concern  our  present-dav  working 
on  which  I  should  hke  to  ask  a  question  or  two.  The 
first  is  a  physical  one.  The  author  suggests  that  the 
ionization  of  the  upper  atmosphere  is  produced  by 
the  outward  particles  of  helium  ;  that  these  charge  the 
upper  atmosphere  and  come  to  the  end  of  their  career. 
I  want  to  know  what  happens  to  that  charge  later. 
Is  it  slowly  dissipated,  followdng  a  sort  of  exponential 
time  function,  or  is  there  some  other  negative  impulse 
from  the  sun  which  in  time  may  be  expected  to  neutrahze 
it  ?  The  other  point  is  on  this  question  of  the  auroral 
layer.  The  lantern  slides  have  shown  that  there  is  a 
very  sudden  limit  to  the  lower  edge  of  the  layer  at 
which  the  aurora  is  seen.  It  seems  likely  to  be  closely 
related  to  our  knowledge,  such  as  it  is,  of  what  goes 
on  in  thermionic  valves.  If  the  author  could  give  us 
any  idea  of  what  the  actual  pressure  is,  it  would  be 
extremely  valuable.  I  do  not  ask  for  any  close  estimate  ; 
but  can  he  say  if  it  corresponds  to  a  "  hard  "  vacuum 
or  a  "  soft  "  vacuum  ?  Also  can  he  give  us  any  idea 
of  the  relative  changes  of  pressure  ?  I  have  never  been 
able  to  ascertain  from  books  what  the  pressure  is,  or 
if  there  is  anything  really  known  about  it. 

Mr.    H.    M.    Sayers :    The   author  states  that   the 


currents  due  to  the  diurnal  magnetic  changes  occur 
at  depths  of  200  kilometres,  and  I  should  hke  to  know 
how  that  has  been  measured.  With  regard  to  the 
magnitude  of  earth  currents,  mentioned  by  Mr.  Atkinson, 
during  magnetic  disturbances  these  are  apparently 
verj-  great.  I  have  seen  all  the  north/south  telegraph 
hnes  in  this  country-  absolutely  stopped  by  these  currents, 
which  means  that  the  voltage  must  have  been  of  the 
order  of  60  or  70  volts  over  300  miles.  A  pressure  of 
60  or  70  volts  across  300  miles  of  the  earth's  crust  must 
have  given  currents  corresponding  to  millions  of  amperes. 
The  late  Mr.  Alexander  Adams  of  the  P.  O.  Telegraphs 
kept  a  record  for  many  years  of  the  earth  currents 
observed  on  some  of  the  principal  hnes  running  into 
the  Central  Telegraph  Office.  These  were  measured  at 
the  regular  hour  of  daily  tests,  and  might  furnish  useful 
information  if  analysed  with  the  help  of  present  know- 
ledge. Some  of  the  results  were  communicated  to  this 
Institution  in  papers  some  vears  ago. 

Mr.  G.  M.  B.  Dobson  :  The  author  has  suggested 
that  the  diurnal  magnetic  variation  is  due  to  tidal 
movements  of  the  air.  He  has,  no  doubt,  considered 
the  effects  of  winds,  but  seeing  that  observations  of 
the  luminous  streaks  from  meteors  and  of  the  dust  from 
Krakatoa  all  show  very  strong  winds  at  great  heights, 
it  is  curious  that  those  strong  winds  produce  no  notice- 
able magnetic  effect,  while  the  tidal  movements  of  only 
a  kilometre  per  hour  give  rise  to  the  diurnal  variations. 
The  author  has  calculated  from  the  radius  of  the 
maximum  auroral  zone  that  the  particles  injected  from 
the  sun  must  be  a  particles.  Assuming  this,  one  could 
presumably  calculate  the  depth  to  which  the  particles 
would  penetrate  the  atmosphere,  i.e.  the  lower  limit 
to  the  auroral  layer.  It  would  be  valuable  to  know 
how  well  this  agreed  with  the  height  found  by  direct 
observation. 

Dr.  C.  Chree  (communicated)  :  In  par.  2  the  author 
says  his  "  account  is  not  limited  to  what  can  be  regarded 
as  certain  conclusions  .  .  .  conjectural  ^•iews  have 
also  been  admitted."  I  must  confess  to  a  difficulty 
in  recognizing  what  he  regards  as  fact  and  what  he 
regards  as  conjecture.  The  changes  of  magnetic  force 
referred  to  in  par.  i  cannot,  I  think,  include  the  secular 
change.  But,  even  so,  the  statement  as  to  the  ratio 
between  the  effects  of  atmospheric  electric  currents 
and  secondary  currents  in  the  ground  is  one  I  consider 
largely  if  not  entirely  conjectural.  The  author  has 
himself  found  such  a  ratio  for  the  currents  to  which 
the  Balfour  Stewart-Schuster  theory  ascribes  the 
regular  diurnal  variation.  But  this  theory  is  not 
universally  accepted,  and  other  investigators  accepting 
the  theory  provisionaUv  have  got  different  values  for 
the  ratio.  Also,  so  far  as  I  know,  nothing  distantly 
approaching  an  adequate  investigation  of  the  problem 
presented  by  irregular  magnetic  disturbance  has  yet 
been  made.  In  par.  3  I  understand  the  author  to 
assert  that  the  diurnal  variations  deduced  from  groups 
of  quiet  days  and  from  groups  of  disturbed  days  are  of 
quite  distinct  types,  and  in  par.  11  this  seems  to  form 
one  of  several  arguments  for  the  conclusion  that  the 
auroral  layer  is  at  a  higher  level  than  the  layer  in  which 
circulate  the  electric  currents  originating  the  regular 
diurnal  variation   on   quiet   days.     But  this   supposed 
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difference  of  type — while  undoubtedly  true  of  England — 
docs  not  seem  to  apply  everywhere.  It  is  exceedingly 
inconspicuous,  to  say  the  least  of  it.  in  the  records  from 
the  station  of  the  Scott  Antarctic  Exp>cdition  of  191 1-12. 
Practically  we  have  there  an  intensification  in  disturbed 
da\-s  of  the  diunial  incqiuUity  characteristic  of  quiet 
daj-s.  On  the  other  h.infl  the  type  of  the  regular  diurnal 
inequahty  vanes  at  •  es  with  the  season  of  the 

year.     There  are  inn  conjectures  possible  here, 

but,  so  far  as  I  know,  nothing  approaching  certainty. 
The  atmospheric  motions  described  in  par.  6  are,  I 
should  surmise,  wholly  conjectural.  I  should  suppose 
them  to  be  inferences  drawn  by  the  author  from  the 
observed  diurnal  variation  of  barometric  pressure 
at  the  earth's  surface.  At  all  events  I  cannot  think 
of  any  other  source  of  information.  There  are  no 
clouds  at  the  levels  in  question.  The  subject  is  one 
on  which  1  should  like  to  hear  the  opinion  of  the  few 
metcorMlogists  who  have  made  a  serious  study  of  upper 
air  phenomena.  It  is  a  "far  cry  "  from  the  earth's  surface 
to  the  upper  confines  of  the  atmosphere.  In  par. .  8 
the  case  for  the  a  particles  seems  put  too  favourably. 
Stormer's  calculations  give  for  the  maximum  angular 
distance  from  the  earth's  magnetic  axis  attainable 
by  u  rays  from  the  sun  values  between  16°  and  19°,  as 
compared  with  values  of  from  4°  to  6°  for  ft  rays.  But 
even  19°  is  less  than  the  angular  distance  Stormer 
accepts  for  the  most  frequent  occurrence  of  aurora,  and 
much  below  the  angular  distance  which  aurora  some- 
times attains.  Thus  the  difficulty  which  the  author 
seems  to  consider  fatal  to  the  /?-ray  theory  has  not  been 
satisfactorily  removed  e\'cn  for  the  a-ray  theory.  The 
author's  explanation  of  the  so-called  "  sudden  com- 
mencement "  seen  in  some  magnetic  storms  seems  to 
overlo<jk  the  fact  that  in  high  latitudes  this  movement 
is  generally  if  not  always  oscillatory.  Even  at  Eskdale- 
muir  there  is  usually  a  fall  in  horizontal  force  prior  to 
a  more  conspicuous  rise.  The  author  supposes  the  rise, 
which  alone  is  usually  seen  in  low  latitudes,  to  be  due 
to  a  downw,ard  movement  of  the  upper  atmosphere 
due  to  the  impact  of  u-rays.  Does  he  ascribe  the  earher 
of  the  two  movements  seen  in  high  latitudes  to  an 
upward  movement  of  the  atmosphere,  rising  to  greet  the 
a-rays  ?  The  alxive  must  serve  .-is  samples  of  the  mental 
reservations  I  have  Ix-en  obliged  to  m.ike  when  reading 
the  j).ipcr. 

Mr.  P.  R.  Coursey  {communicated)  :  From  a 
"  wireless "  point  of  view,  the  electrical  phenomena 
in  the  upper  levels  of  the  atmosphere  are  of  great  im- 
portance as  affecting  the  propagation  of  wireless  signals 
O'.  '  '  •     I V  of  sueh  jiriip.igation. 

A  iifiillv  dis(  uss  wireless 

m;kllci).  II.  vM-nljon,  the  con- 

dittnti^  f.f   '  ,1  of  the  ionized 

1-'  ;icre  would  aj>pcar  lo  be  of  special 

•  '•  — ling  that  the  lower  Liycr  of  ioniza- 

ti  I  to  in  the  paper  is  due  solely  to  ultra-violet 

f-^ '•■  •"    ''■'•    sun    during    daylight    hours,    and 

that  thi»  I  k»  up  dunns  darkness,  an  explana- 

tion i«   at   ■  1   and  more 

irrcKular  .1  ,    the   much 

I''  i.t.     l>iiiiiiK  the  day,  the 

tci  ii  the  lower  layer,  causing 


it  to  bend  round  the  earth,  would  take  place  at  a  lower 
level  in  the  atmosphere  than  the  more  regular  reflection 
at  the  upper  layer  at  night.  It  is  therefore  to  be  expiected 
that  the  night  range  should  be  much  greater  than  the 
day  range.  The  author's  conclusions  as  to  the  sharply 
defined  lower  surface  of  the  upper  layer  are  of  particular 
interest  in  this  connection.  In  connection  with  "  at- 
mospherics "  or  "  X's,"  it  would  seem  probable  that 
the  sudden  changes  in  the  electrical  condition  of  the 
upper  atmosphere  caused  by  the  impact  of  streams  of 
charged  particles  would  give  rise  to  disturbances 
which  would  be  detected  in  wireless  receivers.  The 
extremely  sudden  changes  in  the  earth's  magnetic 
force  which  occur  at  the  commencement  of  and  during 
a  magnetic  storm,  as  shown  by  the  records  exhibited 
during  Dr.  Chree's  recent  lecture,  rather  support  this 
view.  Some  of  those  records  also  indicated  oscillations 
of  considerable  frequency.  In  par.  1 1  of  the  present 
paper  the  author  refers  to  the  possible  oscillations 
occurring  when  the  electrostatic  charges  of  the  upjier 
layer  redistribute  themselves.  It  may  be  that  these 
oscillations  would  also  be  heard  in  wireless  receivers. 
The  usual  t>'pes  of  X's  heard  show  indications  of 
having  a  very  long  wave-length — or  a  low  oscillation 
frequency — which  would  agree  with  this  conclusion 
in  broad  outline.  In  that  case  their  direction  of  pro- 
pagation would  probably  be  radial  to  the  earth,  i.e. 
vertically  downwards  to  the  earth.  In  recent  experi- 
ments in  America  it  has  been  found  that  a  certain 
class  of  X  appears  to  be  propagated  in  the  vertical 
direction,  and  not  in  the  horizontal  one,  as  is  usual 
for  the  ordinary  signalling  waves.  This  obsers'ation 
may  support  the  above  suggestion,  or  alternatively 
the  same  effect  might  be  due  to  an  induced  oscillatory 
current  or  impulse  in  the  surface  layers  of  the  earth 
consequent  upon  the  same  initial  cause.  In  connection 
with  the  ionized  layers  and  their  effect  upon  signalling 
range,  perhaps  the  author  can  suggest  some  explanation, 
from  possible  variations  in  the  distribution  of  these 
layers,  of  the  fact  that  the  wireless  range  in  the  southern 
hemisphere  (and  particularly  in  the  Pacific  regions) 
is  greater  than  in  northern  latitudes  when  using  the 
same  power. 

Professor  S.  Chapman  (in  reply)  :  Two  speakers 
•asked  .ilxiut  tlie  depth  of  penetration  of  these  particles 
into  the  upper  atmosphere,  and  the  composition  .ind 
pressure  in  the  upper  atmosphere  in  the  auroral  level. 
We  know  very  Uttle,  from  observation,  about  the 
pressure  of  the  upper  atmosphere  beyond  25  or  30 
kilometres,  .ind  beyond  that  ]xiint  we  have  to  infer 
the  comjxisition  to  a  large  extent.  The  only  actual 
oliservational  data  bearing  on  it  are  spectroscopic 
data,  and  also  the  spectrum  of  the  .iiirorz.  There 
are  one  or  two  uncertainties  alviiit  the  c<im|»sition  of 
the  upper  atmosphere.  One  is  whether  there  is  a  large 
amount  of  hydrogen  there.  If  tliere  is.  the  pressure 
fall  with  height  would  lie  slower  than  if  there  is  not 
Personally  1  think  hydrogen  is  not  there  ;  but  whilst 
such  an  unccrt.ainty  remains  there  must  be  also  a  good 
deal  of  uncertainty  :ih  lo  the  rate  of  diminution  of 
pressure  as  we  go  upwards.  However,  one  thing  can 
Ik*  said  with  cert.iintv,  and  thnt  is  th.\t  in  the  auroral 
layer  tlic  pressure  must  be  exceedingly  small.     I  think 
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I  am  not  wrong  when  I  say  that  it  is  of  the  order  of  one- 
millionth  of  an  atmosphere.  ^Vhether  that  corresponds 
to  what  is  known  as  a  hard  vacuum  or  a  soft  vacuum 
I  cannot  say.  By  some  new  calculations  about  the 
pressure  and  composition  of  the  upper  atmosphere, 
a  colleague  and  I  hope  to  test  how  far,  on  the  most 
probable  theories  of  the  composition  of  the  upper 
atmosphere,  the  depth  of  penetration  agrees  with  the 
hypothesis  that  the  corpuscles  which  enter  the  atmo- 
sphere from  the  sun  are  alpha  particles. 

As  regards  the  effect  of  winds  on  the  magnetic  varia- 
tions, it  is  quite  true  that  the  velocity  of  the  ^\-ind  far 
exceeds  the  small  velocity  of  i  kilometre  per  hour,  viz. 
that  of  the  tidal  circulations  to  which,  follo\ving 
Professor  Schuster  and  Professor  Balfour  Stewart,  I 
attribute  the  production  of  the  daily  magnetic  varia- 
tions. The  reason  why  the  winds  are  not  important 
for  the  magnetic  variation  is  because  they  occur  in  the 
troposphere,  where  the  electric  conductivity  is  such 
that,  though  electromotive  forces  are  produced,  they 
are  ineffective  and  can  impel  only  very  weak  electric 
currents.  Not  till  we  rise  to  considerable  heights  in 
the  stratosphere  where  convection  has  ceased  do  we  get 
sufficient  conductivity  to  enable  currents  to  flow,  and 
there  the  only  systematic  motions  present  are  these 
tidal  motions  of  which  I  spoke. 

A  question  was  asked  as  to  how  we  know  that  the 
earth  currents  associated  with  the  daily  magnetic 
variations  flow  at  a  depth  below  200  kilometres. 
Roughly  how  we  know  is  thus  :  We  can  separate 
by  spherical  harmonic  analysis  of  the  magnetic- 
variation  field  the  parts  respectively  which  originate 
in  the  atmosphere  and  below  the  earth's  surface  ;  we 
find  that  corresponding  harmonic  components  from 
without  and  within  have  a  certain  ratio  one  to  another  ; 
the  outside  ones  are  2J  or  3  times  the  amphtude  of 
the  internal  ones,  and  there  is  a  certain  difference  of 
phase  angle  between  them.  The  internal  currents 
reach  their  maximum  before  the  external  currents. 
There  are  thus  two  things  to  consider,  a  difference  of 
phase  and  a  difference  of  amphtude  :  it  can  be  shown 
that  if  the  earth  were  a  uniformly  conducting  sphere 
the  difference  of  phase  and  the  relation  of  amphtude 
would  not  be  as  obser\'ed,  and  the  most  simple  way 
in  which  the  obser\-ed  phase  difference  and  amplitude 
ratio  can  be  explained  is  by  assuming  a  smaller  radius 
for  the  conducting  sphere,  and  that  radius  is  about  200 
kilometres  smaller  than  the  earth's  radius.  The  surface 
earth  currents  have  been  investigated  a  Kttle.  The 
water-bearing  strata  near  the  earth's  surface  are  doubt- 
less as  conducting  as  the  layers  beneath,  but  they  are 
so  thin  that  the  currents  which  flow  there  in  ordinarj' 
times  are  small  in  their  effect  ov.'ing  to  the  thinness  of 
the  layer.  \Vhen  the  external  magnetic  field  is  varying 
rapidly  these  magnetic  variations  cannot  penetrate  far 
into  the  surface.  As  is  well  known,  rapidly  alternating 
currents  in  a  conductor  flow  near  the  surface,  and 
the  same  thing  occurs  in  the  case  of  the  earth. 
The  rapidly  varjang  magnetic  field  is  shielded  by  large 
currents  flowing  near  the  surface  of  the  earth  ;  that 
is  to  say,  in  the  surface  stratum,  about  5  miles  deep, 
where  water  can  penetrate,  of  course  including  the 
ocean.     There  is   much  scope  for  further  investigation 


of  surface  earth-currents.  I  think  the  principle  I  have 
stated  was  not  formerly  recognized,  and  until  that 
was  done  one  could  not  expect  to  go  very  far  in  the 
scientific  investigation  of  earth  currents. 

A  question  was  asked  as  to  what  happens  to  the 
charges  which  come  into  the  upper  atmosphere.  \Mien 
they  come  into  the  atmosphere  they  charge  the  air, 
are  brought  to  relative  rest,  and  give  rise  to  electro- 
static forces  of  repulsion  which  overcome  the  force  of 
gravity  downwards  on  the  air  in  which  these  charges  are 
entangled.  Consequently  the  charges  escape  upwards, 
and  it  is  to  that  upward  escape  that  I  attribute  the  great 
diminution  of  the  horizontal  magnetic  force  during  the 
magnetic  storm.  The  length  of  time  taken  to  escape 
depends  upon  the  intensity  of  the  original  injection  ; 
the  more  intense  the  stream  the  more  rapidly  does  the 
earth  become  charged,  and  the  more  rapidly  does  the 
charge  escape.  That  is  shown  by  the  second  phase  of  a 
magnetic  storm,  which  proceeds  most  rapidly  when 
the  storm  is  most  intense. 

Mr.  Atkinson  asked  whether  the  earth's  magnetic 
field  revolves  with  it,  or  whether  the  earth  revolves  in 
a  stationary'  magnetic  field.  The  main  magnetic  field 
of  the  earth  re\-olves  with  the  earth.  We  know  that 
this  is  so  because  there  are  great  local  irregularities, 
and  those  local  irregularities  move  wdth  the  earth.  If 
at  Greenwich  the  magnetic  force  points  15  degrees 
west  of  north,  and  in  Russia  it  points  truly  north,  one 
would  expect,  if  the  earth  revolved  in  a  stationary 
field,  that  when  Green^vich  got  to  where  Russia  was  the 
compass  direction  would  change  from  15  degrees  west 
of  north  to  true  north  ;  but,  of  course,  no  such  change 
as  that  takes  place. 

With  regard  to  the  magnitude,  in  ordinary  units,  of 
the  currents  in  a  given  portion  of  the  atmosphere 
during  a  storm,  I  have  made  the  following  estimate  : 
In  a  storm  which  reduces  the  equatorial  horizontal 
force  by  100  gamma — not  a  very  unusual  amount — 
the  corresponding  current,  flowing  from  east  to  west, 
is  about  300  amperes  for  each  kilometre  measured 
north/south,  at  right  angles  to  the  current,  near  the 
equator. 

I  was  much  interested  in  the  description  Mr.  Maunder 
gave  of  the  reasoning  and  observations  which  led  him 
to  his  discover^'  of  this  tendency  of  magnetic  storms 
to  recur  after  an  interval  equal  to  that  taken  by  the 
sun  to  rotate.  I  owe  very  much  to  him  and  to  others 
for  the  foundations  of  the  theory  here  briefly  and 
tentatively  sketched  ;  and  these  foundations  ^vill  not 
suffer  whatever  the  fate  of  this  particular  theorj'  may  be. 

Mr.  Reeves  spoke  about  the  slow  secular  change  of 
magnetic  force  which  continued  for  hundreds  of  years 
in  the  same  direction.  Those  I  have  excluded  from  my 
paper,  because  I  beUeve  they  are  not  due  to  these 
solar  actions,  except  possibly  very  indirectly — I  have 
made  a  suggestion  about  them  in  a  recent  paper,  which 
I  wiU  not  go  into  now.  I  cannot  agree  with  Mr.  Reeves's 
suggestion  that  the  local  irregularities  of  magnetic 
intensity  have  very  much  effect  on  the  conformation 
of  the  auroral  zone.  The  shape  and  radius  of  the  auroral 
zone  (if  it  is  a  zone  and  not  a  spiral)  are  probably 
determined  by  the  earth's  magnetic  field  over  a  distance 
of  several  diameters  away  from  the  earth,  while  these 
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local  irregularities  of  magnetic  intensity'  on  the  earth's 
surface  cannot  extend  vcrj-  far. 

I  have  mentioned  Professor  Watson's  investigation 
of  the  transmission  of  wireless  waves  round  the  earth. 
I  have  seen  the  result  of  his  calculation,  but  have  not 
yet  read  the  actual  i)aper  itself.  His  calculation  of 
conducti\ity  is  certainly  not  inconsistent  with  the 
magnetic  data,  but  I  think  he  has  here  provided  a  more 
definite  item  of  information  than  can  yet  be  gained  or 
matched  in  other  wa>-s,  about  the  exact  height  or 
conductivity  of  the  electrically  conducting  zone  in 
which  the  daily  variations  arc  produced.  As  to  the 
lower  limit  of  the  auroral  layer,  its  sharp  hmit  is  due, 
I  think,  to  the  sliarp  limit  of  jienetration  of  the  outer 
particles.  Dt>ubtless  the  part  immediately  below  is  to 
some  extent  conducting,  because  these  outer  particles 
in  their  passage  through  the  atmosphere  may  knock 
electrons  off  the  surrounding  molecules,  and  some  of 
these  electrons  will  diffuse  into  the  space  below,  so 
tliat  the  conductivity  will  not  drop  suddenly. 

\N'ith  regard  to  Dr.  Eccles'  remarks  about  wireless 
telegraphy,  I  am  verj-  glad  to  find  how  far  these  magnetic 
investigations  have  corroborated  results  obtained  in 
quite  a  different  way.  In  the  paper  I  deal  only  with 
two  layers,  the  auroral  layer  and  a  layer  beneath, 
which  is  ionized  by  ultra-vrolet  light,  and  does  not  lose 
its  ionization  during  the  course  of  the  night.  The 
lower  atmosphere,  which  also  seems  to  affect  "  wireless  " 
transmission,  is  of  less  interest  for  students  of  terrestrial 
magnetism.  As  Dr.  Eccles  remarks,  I  should  suppose 
that  Austin's  formula  is  related  to  the  lower  ionized 
layer  produced  by  ultra-violet  light. 

{CommunicaUd)  :  Through  misunderstanding  Mr. 
IX)bson's  question,  my  reply  referred  only  to  the  ordinary 
tropospheric  winds.  1  am  aware  that  meteor  observers 
have  seen  meteor  trails  changing  shape,  thus  indicating 
the  presence  of  winds  at  great  heights  ;  a  careful  dis- 
cussion of  such  observations,  including  a  critical  study 
of  the  corrcspfinding  height-determinations,  would  be 
a  valuable  contribution  to  our  scanty  knowledge  of 
the  upper  atmosphere.  The  only  data  concerning 
variable  meteor  trails  which  I  have  seen  (through  the 
kindness  of  Mrs.  F.  Wilson,  F.R.A.S.)  suggested  that 
the  associated  winds  were  verj-  inconstant.     Such  winds. 


if  present  in  the  ionized  layers,  would  produce  magnetic 
eflects  of  a  local  kind,  which  it  is  certainly  not  possible 
to  say  are  not  shown  on  magnetographs.  The  magnetic 
variations  offer  a  wide  field  of  investigation,  of  which 
only  the  fringe  has  been  touched  ;  the  diurnal  variations 
and  the  world-wide  largo  disturbances  are  the  two 
outstanding  features  I  have  dealt  with,  and  their  main 
causes  appear  to  me  to  be  as  1  have  stated  in  my  paper. 
Variable  winds  mav  produce  subsidiary'  effects  which 
ha\e  not  yet  been  rccognizetl,  and  the  same  is  true  of 
constant  wnds  (not  diurnal),  for  the  latter  would 
simply  add  to  the  local  v;iriations  in  the  earth's  "  per- 
manent "  magnetic  field.  The  causes  of  these  local 
variations  are  certainly  partly  Ix-low  the  earth's  surface, 
but  may  also  be  partly  atmospheric. 

In  his  written  communication  Dr.  Chree  has  specified 
various  points  which,  as  I  agree,  cannot  be  regarded 
as  "  certain  conclusions."  The  important  question 
as  to  the  value  and  probability  of  these  particular 
conjectures  can  be  finally  settled  only  by  further 
study,  as  to  the  need  of  which  I  am  at  one  with  him  ; 
new  facts  and  considerations  will  inevitably  necessitate 
modifications  or  extensions  of  these  hypotheses.  In 
a  subject  with  so  many  ramifications  it  cannot  be  ex- 
pected that,  even  if  all  the  facts  were  known,  a  complete 
theory  could  be  provided  all  at  once  ;  and  perhaps 
I  differ  chiefly  from  Dr.  Chree  in  thinking  it  advisable 
to  construct  hypotheses  on  the  basis  of  what  seem  to 
be  the  outstanding  facts  now  known.  Some  of  the 
particular  points  mentioned  by  him  are  discussed  in 
the  paper  cited  in  par.  ii,  which  will  shortly  appear 
in  the  Cambridge  Philosophical  Transactions  :  the  effect 
of  disturbance  on  the  diurnal  magnetic  variations  in 
polar  regions  is,  I  think,  there  accounted  for.  The 
theory  of  the  auroral  zone,  and  the  nature  of  the  injected 
particles,  are  undeniably  subject  to  revision.  As 
regards  "sudden  commencements"  (referring  to  Dr. 
Chree's  last  question)  the  suggested  explanation  of 
their  oscillatory  nature  in  high  latitudes  is,  of  course, 
not  one  which  could  reasonably  be  propounded. 

Mr.  Coursey's  mention  of  vertically-propagated  wire- 
less waves  is  verj-  interesting,  and  it  may  be  that  these 
arise  in  the  magnetic-disturbance  and  auroral  layer.  If 
so,  thev  should  be  more  intense  by  night  than  by  day. 
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In  the  paper  on  "  The  Grading  of  Cables  "  which 
the  author  read  before  the  Institution  in  1908,  short 
tables  were  gi\'en  by  means  of  which  the  maximum 
electric  stress  between  two  spherical  electrodes  could 
be  computed  at  the  instant  of  discharge,  whatever  the 
potentials  of  the  spheres  might  be.  These  tables  have 
been  used  by  several  experimenters.  In  practice  the 
sparking  potentials  are  either  found  by  fixing  the  spark- 
gap  and  gradually  increasing  the  voltage  until  the 
spark  ensues,  or  by  keeping  the  potential  difference 
constant  and  slowly  bringing  the  electrodes  nearer  to 
one  another.  Using  either  of  these  methods  practically 
constant  values  have  been  obtained  for  the  maximum 
electric  stress  at  the  instant  of  discharge,  provided 
that  the  potentials  of  the  spheres  are  equal  and 
opposite.  When  the  requisite  corrections  for  the  tem- 
perature and  pressure  of  the  air  are  applied,  the  results 
obtained  by  different  experimenters  practically  agree, 
the  maximum  inaccuracy  being  about  i  per  cent. 
A\'lien  the  electrodes  are  further  apart  than  i  mm.  the 
maximum  electric  stress  at  a  given  pressure  and  tem- 
perature of  the  air  depends  only  on  the  size  of  the 
electrodes,  being  very  great  for  small  spheres  and 
approaching  a  limiting  value  of  about  27-5  kilovolts 
per  centimetre  for  large  spheres  when  the  tempera- 
ture is  25°  C.  and  the  height  of  the  barometer  is 
76  cm. 

When  one  of  the  electrodes  is  earthed,  then  appjirently 
in  some  cases  the  maximum  electric  stress  is  not  con- 
stant but  increases  as  the  length  of  the  spark-gap 
increases. 

It  is  desirable  therefore  to  investigate  and  see  whether 
some  simple  formula  can  be  found  which  will  give  the 
value  of  the  maximum  electric  stress  when  the  potentials 
are  equal  and  opposite,  as  this  will  enable  us  to  calculate 
the  sparking  voltages  between  any  sized  spherical 
electrodes  whatever  their  distance  apart  may  be.  It  is 
desirable  also  to  consider  possible  causes  which  would 
explain  the  results  obtained  when  one  of  the  electrodes 
is  earthed. 

New  experimental  results  are  not  given  in  this  paper 
but  the  results  obtained  by  A.  Heydweillerj  26  years 
ago  and  the  results  published  in  the  "  Standardization 
Rules  of  the  American  Institute  of  Electrical  Engineers  " 
(1918)  are  examined  and  various  deductions  are  made 
from  them.  Many  other  experimental  results  might 
have  been  chosen  as  the  groundwork  of  our  analysis, 
but  these  were  chosen  as  being  perhaps  the  best  known 

•  The  Papers  Committee  invite  written  communications  (with  a  view  to 
publication  in  the  Journal  if  approved  by  the  Committee)  on  papers  published 
in  the  Journal  without  being  read  at  a  meeting.  Communications  should 
reach  the  Secretary  of  the  Institution  not  later  than  one  month  after  publi- 
cation of  the  paper  to  which  they  relate. 

t  "  Entladungspotentiale,"  Annalen  dcr  Physik  itnd  Chemie,  1S93,  vol.  48, 
p.  235. 


to  electricians.     Most  of  the  other  experimental  results, 
however,  lead  to  the  same  conclusions. 


Formul;e   for  the  Maximum    Electric  Stress 
Between   Equal  Spherical  Electrodes. 

If  the  radii  of  the  spherical  electrodes  be  each  equal 
to  a,  and  E;  and  E,  be  their  potentials,  than  if  :«■  be  the 
distance  between  them,  the  value  of  the  maximum 
electric  stress  on  the  dielectric  is  given  by* 

Rma..  =  ^^^Vx  +  ^.(/x-/)       •       •       (0 

where/  =  sinha  cosh  (0/2) 

(    sinh  (a/2)    ^  sinh  (3  a/2)        sinji  (5  a/2) 
\  cosh-  (a,  2)  "'  cosh^  (.3  a/2)      cosh^(5a/2) 

f^  =  -z  sinha  cosh  (a/2) 

sinh  (a/2)        sinh  (5 a/2)        sinh  (90/2) 
cosh^  (a/2~)      cosh^'  {5  a/2)  "^  cosh'  (90/2) 

and  cosh  a  =  i  4-  xl{z  a). 

When  the  potentials  of  the  spheres  are  equal  and 
opposite 

-,        Et  —  Eo 

E,  =  -  E,  = 


and  hence  by  (i). 


Rn 


Ex 


When  Ej  =  o,  we  have  similarly, 

Ei 


Rmax.  —    X 


(2) 


(3) 


The  values  of  /  and  /i  are  determined  accurately  by 
the  formulae  given  above.  The  computation,  however, 
is  very  laborious,  especially  when  x  is  small.  To  simplify 
the  calculation  of  these  qualities  the  following  formulas 
have  been  obtained. 

Calculation  of  f. — When  xja  is  not  greater  than  o  •  8 
we  can  use  the  formula 

^    ^        I     ^       _2^    ;ir3         17        ^ 
■'^ ""  ^  +  3  ■  a  "^  45  ■  a^  "^  945  ■  a^        I4i75  '  «* 

The  maximum  inaccuracy  introduced  by  using  this 
formula  occurs  when  xia  =  o-8  and  it  is  then  about 
I  m  2,000.  For  values  of  xja  less  than  o  •  5  it  is  accurate 
enough  for  all  practical  purposes. 

♦  .\.  Russell,  "  Alternnting  Currents,"  vol.  i,  p.  -58. 
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When  x/a  is  greater  than  o-S  wc  can  use  the  foimula 


^  xja  +  2^2  (x/a  +  2)5 


x/a 


^*  +  ■ 


x/a 


x/a 


2  x/a 


/.  = 


Kilovolt*  la  cm. 


11-34 
'3-77 
15-72 

'7«9( 
18-30 
1002 

^232 


The    mobi 


o-i 

0-2 

03 

0-4 
05 
0-6 
0-7 
0-8 
1  -o 
«-5 


04 
0-8 

1  -2 

1-6 

2-0 

2-4 
2-8 
3-2 

40 

6-0 


'•137 
1-283 

'•437 
1-599 
1-770 

I- 945 
2124 
2-306 
2  678 
3-632 


Rm>.  -(EM)/ 


54-9 


53' 
54' 
55' 
55' 

55' 


55-5 
548 
54-1 
54" 


Table  2. 

Two    equal    spheres.      Radius  =  a 
insulated.      Temperature  —  6  = 
height  =  h  =  74-5  fwi. 


2  (*/«  +  2)«  '  2  (x/a  +  2)5      (x/a  +  2)'      (x/a  +  2)" 

'  equals  o-S,  the  error  introduced  by  using 
**>•'  1  is  about  I  in  2,000,  but  it  diminishes  very 

rapidly  as  xja  increases. 

Calculation  o//,.— WTien  x/a  is  not  greater  than   \. 
fi  —  f- 
NNTien  x/a  lies  between  J  and   i, 

/,  =  0-0465  +  „  +  ,    ,   -  .    -  003  ■' 
a       1  +  x/a  a 

and  when  x/a  is  not  less  than  unit>'. 

X  I  I 


The  second  t)f  these  formula:  is  purely  empirical. 
Nearly  all  the  calculations  made  in  this  paper  were 
computed  by  these  approximate  fomiulje. 

Sparking  Voltages  i.n  Air. 

The  experimental  results  given  in  the  next  three 
tables  were  obtained  by  A.  Heydwcillcr  in  1893  (I.e. 
ante).  He  experimented  with  equal  spherical  elec- 
trodes, the  diameters  being  05,  i  and  2  cm.  respectively. 
It  has  to  be  remembered  that  what  happens  when  the 
spark-gap  is  less  than  i  mm.  is  not  considered  in  this 
pafHjr. 

Table  i. 

Two  equal  spheres.  Radius  =  a  =  0-25  cm.  Both 
insulaUd.  Temperature  =  (I  =  li"  C.  Barometric 
height  =  h  ~  74-5  cm.  E  =  maximum  sparking 
pressure  between  the  electrodes. 


'""       •■'       '^u,Ji.      '"f       .SJ'IHTCS        ^   cm.        Ill 

diameter  U  thercJnre  54-8  kilovnltJ  p<r  cm.     The  mean 
P''      ■     '  '  '  ,8-3  to  14-88.  but  when 

11'  '"r  MIfy  give  practically 

*'•  ''•     Ai  .i|    (rom    purely 

K'  '.  thctc  I-  lie  theory. 


=  0-5  cm.       Spheres 
18°  C.      Barometric 


KUovolu 

SjMirk-inp.  .. 
in  on. 

■ 

/ 

K .1: 

4-80 

01 

O-  2 

I   068 

51-3 

.8-37 

02 

0-4 

137 

47-6 

iii7 

0-3 

0-6 

209 

45-8 

•4-55 

04 

0-8 

283 

40-7 

^7i^ 

05 

1   0 

359 

47-1 

19-92 

0-6 

1-2 

437 

47-7 

22-05 

0-7 

1-4 

5'5 

47-7 

24  09 

o-S 

1-6 

599 

48-2 

25-59 

0-9 

1-8 

685 

47-9 

27-00 

i-o 

20 

1-770 

47-S 

As  the  first  result  is  obviously  too  high  we  neglect  it. 
The  mean  value  of  Rmai.  for  the  nine  remaining  results 
is  47-4  kilovolts  per  centimetre.  L'sing  this  value  we 
find  that  E  for  i  mm.  spark-gap  is  4-44  kilovolts. 
For  spheres  of  half  the  size  we  see  from  Tabic  i  that  for 
a  millimetre  spark-gap  the  pressure  was  4-83  kilovi>lts. 
The  smaller  electrodes  therefore  require  an  appreciably 
higher  sparking  voltage  for  i  mm.  gap. 


Table  3. 

Two  equal  spheres.  Radius  =  a  =  I  cm.  Spheres 
insulated.  Temperature  —  d  =  18°  C.  Barometric 
height  =  A  =  74-5  cm. 


r. 

Kilovolts 


Spark  Rap,  i, 
in  cm. 


'  R«...-(E  I)/ 


4710 

o-  1 

o- 1 

1-034 

48-7 

8-100 

0-2 

0-2 

1-068 

43-3 

11-37 

"-3 

0-3 

1  - 102 

41-8 

14-4'.^ 

04 

0-4 

1037 

41-2 

17-49 

0-5 

0-5 

I -173 

410 

20-37 

o-O 

0-6 

I  209 

41-0 

23-25 

0-7 

0-7 

1-245 

4>-3 

26-04 

0-8 

08 

1-283 

41-8 

31-29 

10 

1  0 

«-359 

42-5 

35-49 

1-2 

1  -2 

1-437 

42-5 

38-64 

»-4 

1-4 

•  •  .S 1 .1 

41-8 

41-28 

1-6 

1-0 

1-5W 

41-3 

Neglecting  the  first  result  we  get  41*7  tor  the  mean 
value  of  Rmu.  Substituting  this  value  in  Uic  formula 
K  ••  Rnux.  ("//).  wc  find  that  for  1  mm.  gap  the 
.sparking  prc.ssiire  is  4-04  kilovolts,  which  i.s  less  than 
in  either  of  the  preceding  cases. 

Wo  shall  now  analy.Hc  the  results  given  in  tlic 
"  Standardization  Rules  "  ol  the  American  Institute 
(1918).  page  55. 
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Table  4. 

Two  equal  spheres.  Radius  =  a  =  3-125  cm.  Both 
insulated.  Temperature  =  6  =  2^°  C.  Barometric 
height  =  A  =  76  cm.     EI-\/2  =  effective  kilovolts. 


E'  \  2 

Kilovolts 

Spark-gap,  x, 
in  cm. 

X 

a 

/ 
1.045 

Rm...  =  (E*)/ 

10 

0-42 

0-I344 

35-2 

20 

0-86 

0-2752 

1-093 

35-9 

30 

1-35* 

0-4320 

I -148 

36-1 

40 

1-92 

0'6i44 

1-213 

35-7 

50 

2-50 

0 • 8000 

1-283 

36-3 

60 

3-20 

I  -024 

1-372 

36-4 

70 

3-95 

1-264 

1-462 

36-6 

80 

4-90 

1-568 

1-588 

36-7 

90 

6-05 

1-936 

1-743 

36-7 

E.V2 

Spark-gap,  ar. 

X 

/ 

RmaK.  =  (EW/ 

Kilovolte 

a 

30 

I-4I 

0-2256 

076 

32-4 

40 

1-91 

0-3056 

104 

32-7 

50 

2-44 

0-3904 

134 

32-9 

60 

3-00 

0 • 4800 

165 

33-0 

70 

3 -60 

0-5760 

199 

33-0 

80 

4-20 

0 • 6720 

234 

33-2 

90 

4-90 

0  -  7840 

275 

33-1 

100 

5-50 

0  -  8800 

311 

33-7 

120 

y  10 

I  •  136 

412 

33-8 

140 

8 -So 

1-408 

521 

34-2 

160 

II-O 

1-760 

I 

668 

34-3 

180 

13-8 

2-208 

I -861 

34-3 

The  mean  value  of  Rmax.  four.d  from  this  table  is  36-2. 

Table  5. 

Two  equal  spheres.  Radius  =  a  =  6-25  cm.  Both 
insulated.  Temperature  =  0  =  25°  C.  Barometric 
height  =  /s  =  76  cm.     -E/\/2  =  effective  kilovolts. 


The  mean  value  of  Rmas.  for  spherical  electrodes  of 
radius  6-25  cm.  is  therefore  33-4.  It  will  be  seen  that 
the  values  of  Rmax.  increase  slightly  as  the  gap  is 
increased.  This  is  probably  due  to  a  slight  want  of 
symmetry  between  the  two  sides  of  the  sparking 
apparatus.  It  has  to  be  remembered  that  in  calcu- 
lating Rmax.  we  must  take  the  maximum  value  E  for 
the  pressure  and  not  the  effective  value  E/y'2. 

It  is  necessary  to  consider  whether  we  are  justiiied 
in  assuming  that  the  potentials  of  the  spheres  are  equal 
and  opposite.  With  direct  voltage  the  leakage  currents 
determme  the  potentials.  Hence  if  the  insulation 
resistance  of  each  side  of  the  supply  is  the  same,  the 
symmeti-y  shows  us  that  the  potentials  of  the  electrodes 
must  be  equal  and  opposite. 

With  alternating  voltage  we  have  also  to  take  the 
capacities  of  the  electrodes  into  account.  We  can 
exactly  imitate  the  effects  of  the  capacities  of  two 
equal  spheres  in  space  by  assuming  that  they  have  no 

•  As  given  in  earlier  editions.  The  value  1-41  given  in  the  igiS  edition 
makes  Rm;;!i  34'5. 


capacity  but  are  joined  directly  by  a  condenser  of 
capacity  —  Aj,  and  are  each  connected  to  earth  by  a 
condenser  An  +  Aj,,  where  An  and  k^^  are  the  self  and 
mutual  capacity  coefficients.  These  coefficients  can  be 
readily  calculated.*  For  instance  when  the  spheres  of 
radius  6-25  cm.  are  3-125  cm.  apart,  so  that  x/a  is  0-5, 
we  find  that 

ki-L  +  Aj,  =  4-55  cm.  =  4-55/(9  X  io5)  mfd. 
—  *i2  =  3 -28  cm.  =  3-28/(9  X  io5)  mfd. 

It  is  also  easy  to  see  that  the  value  of  «„  -f-  k^-,  varies 
slowly  as  x  increases. 

If  the  potential  difference  of  an  electrode  to  earth 
was  100  kilovolts,  and  the  frequency  were  50,  then  the 
capacity  current  to  earth  would  be 

277  X  50-[4-55/(g  x  io5)].io5  x  lO" * 

which  equals  0-00016  of  an  ampere  approximately.  If 
the  leakage  currents  be  much  smaller  than  this  then 
the  potentials  of  the  spheres  will  be  equal  and  opposite, 
their  values  being  determined  by  the  capacity  currents. 
It  has  to  be  remembered,  however,  that  if  one  of  the 
electrodes  is  nearer  to  a  wall  than  the  other,  then  the 
capacity  coefficients  of  the  two  spheres  are  different 
and  their  potentials  will  no  longer  be  equal  and  opposite. 
Even  the  presence  of  an  experimenter  in  the  neighbour- 
hood of  a  sphere  will  alter  its  coefficients,  the  values 
of  the  artificial  condensers  connecting  them  to  earth 
becoming  An  -(-  ki2  and  A.^  -|-  Ai,  respectively.  The 
ratio  of  the  potentials  of  tlie  electrodes  will  numerically 
be  inversely  as  these  capacities  when  the  leakage  currents 
are  negligibly  small.  We  shall  return  to  this  point  when 
we  discuss  the  experimental  results  obtained  with  one 
electrode  earthed. 

Table  6. 

Two  equal  spheres.  Radius  =  a  =  12-5  cm.  Both 
insulated.  Temperature  =  6  ^  25°  C  Barometric 
height  ^  h  ^  yb  cm.     £/\/2  =  effective  kilovolts. 


E/  V'2 
Kilovolts 


Spark-gap,  *, 
in  cm.        I 


R.i.a.t.  =  (E/»j/ 


60 

2-9 

0-232 

1-079 

31-6 

70 

3-5 

0-280 

I -095 

31-0 

80 

4-1 

0-328 

I-II3 

30-7 

90 

4-5 

0-360 

1  - 123 

31-8 

100 

5-1 

0-408 

I  - 140 

31-6 

120 

6-3 

0-504 

I -174 

31-6 

140 

7-7 

0-616 

I  -214 

31-2 

160 

9-0 

0-720 

I  -252 

31-5 

180 

10 -6 

0-848 

1-299 

31-2 

200 

12-3 

0-984 

1-352 

31-1 

220 

I4-I 

I -128 

1-409 

3I-I 

240 

i6-o 

1-280 

1-470 

31-3 

260 

i8-o 

1-440 

I -.535 

31-4 

280 

20-3 

I  -624 

I  -611 

31-4 

300 

23-1 

1-848 

1-705 

31-3 

320 

26-5 

2-120 

1-823 

3I-I 

The  mean  value  of  Rmax.  is  31-3  kilovolts  per  centi- 
metre and  the  constancy  of  the  values  for  R^ax.  shows 
how  carefully  the  experiments  were  made. 

*    '  Alternating  Currents,"  vol.  i,  p.  243. 
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Table  7. 

Tmw  equal  spheres.     Radius =a=2$  cm.     Both  insulaUd. 

Temperature  =  6  =  25°  C.    Barometric  height  =  76  cm. 


E   \  1 

Kllovolts 

Sp«ik-««p.  M, 

> 

/ 
I  055 

Riui.  —  (Ex)/ 

80 

4« 

o-  164 

29- 1 

90 

45 

0180 

I  -obi 

30  0 

100 

5» 

0-204 

I  -069 

29-6 

no 

6-2 

0-248 

1084 

297 

MO 

7-3 

0-292 

l-09<^ 

298 

160 

8-3 

0-332 

1113 

30-3 

180 

9-5 

0380 

1-130 

303 

200 

IO-6 

0424 

1-145 

30-6 

220 

II-7 

0-468 

I    161 

30-9 

240 

130 

0-520 

1-179 

30-8 

260 

M-4 

0-576 

1199 

30-6 

280 

15-8 

0-632 

1-220 

30 -6 

300 

171 

0-684 

1-238 

30 -7 

320 

187 

0-748 

1-261 

30-5 

3A° 

204 

0-806 

1283 

302 

300 

221 

0-884 

1-312 

30 -2 

380 

239 

0-956 

J-34I 

302 

400 

25-7 

1028 

'■372 

302 

The  mean  value  of  Rtux.  is  30-2  kilovolts  per  centi- 
metre, and  the  analysis  again  shows  the  accuracy  of 
the  experimenters. 

Correcting    for    Temperature   and    Pressure. 

The  value  of  Rmai.  'or  air  depends  on  the  tempera- 
ture and  pressure,  being  greater  the  lower  the  tempera- 
ture and  the  higher  the  pressure.  If  Rn^x.  be  the 
sparking  potential  gradient  at  25°  C.  and  76  cm.  pressure, 
and  RniM.  be  the  sparking  potential  gradient  at  6°  C. 
and  h  cm.  pressure,  we  have 


R» 


3 "92*  T,       ,  ■   T,        273  +  e  ■ 

273  +^  3-92* 


For  example,  to  convert  the  mean  values  of .  Rnux. 
deduced  from  Hcydweiller's  experiments  into  their 
values  at  25°  C.  and  76  cm.  pressure  we  multiply  thcni 
by  291/(3-92  X  74-5).  that  is,  by  0-9964.  Hence  we 
find  that  the  mean  values  of  Rmax.  at  25°  C.  and  76  cm. 
pressure  for  spheres  whose  radii  are  ^,  \  and  I  cm. 
respectively  are  54-6,  47-2  and  41-5. 
The  author  has  found  that  the  formula 

Rm«.  -  27-4  +  M-J/V"  -  ■•-(•») 
is  very  approximately  correct  for  spherical  electrodes 
varj'ing  in  radius  from  J  to  25  cm.  For  instance,  the 
following  table  shows  how  the  experimental  results 
given  above  compare  with  the  values  computt-d  by  this 
formula. 


It  will  be  seen  that  the  agreement  is  quite  satisfactory-. 
In  experiments  on  spark  \oltages,  the  electrodes  are 
generally  put  at  a  fixed  distance  apart  and  the  volt- 
age is  gradually  increased  until  the  spark  takes  place. 
Before  the  spark  ensues  we  liave  convection  currents 
of  electrified   air  flowing  past  the  electrodes. 

When  we  have  a  hot  sphere  in  cold  air  the  heat  carried 
away  by  the  convection  currents  per  square  centimetre 
of  surface  is  greater  for  small  spheres  than  for  large 
ones.  Similarly  the  electricity  carried  away  per  square 
centimetre  of  the  electrodes  by  the  air  convc-ction 
currents  is  greater  for  small  than  for  large  spheres. 
We  know  in  the  case  of  the  hot  sphere  that  the  heat 
per  square  centimetre  carried  away  by  the  convection 
currents  varies  as  i/al,  where  a  is  the  radius  of  the  sphere. 
Pursuing  the  analogy,  the  electricity  per  square  centi- 
metre carried  away  by  the  convection  currents  flowing 
round  the  spheres  will  also  vary  as  i/ai  and  this  tending 
to  prevent  an  electric  discharge  will  introduce  a  term 
H/ai  into  the  value  of  R^ux.  tl»e  force  required  to 
produce  the  discharge.  The  force  required  to  break 
down  the  air  itself  will  be  constant.  Hence  we  may 
assume  that 

R  =  A  -f  B/-v/a 

and  determine  as  we  have  done  above  the   values  of 
A  and  B. 

It  will  be  noticed  that  formula  (4)  is  very  nearly 
identical  with  the  formula 


Rmax.  =  27-2  -i- 


147 


given    by    F.    W.    Peck    in    his    book   on    "  Dielectric 
Phenomena." 

The  formula  being  undoubtedly  verj'  approximately 
true,  it  will  be  useful  to  construct  by  its  help  a  table 
of  the  sparking  distances  between  equal  spheres  1  inch 
in  diameter  and  also  between  equal  spheres  10  cm. 
in  diameter  as  these  values  are  often  used  in  practice. 
For  1-inch  electrodes. 


R„ 


14- 1 
27-4  H — -  —       =39-9  kilovolts  per  cm. 

y    '   '  =  101-4  kilovolts  per  inch. 


For  lo-cm.  electrodes, 


Rn«x.  =  27-4  + 


14   1 

V5 


33-71   kilovolts  per  cm. 


The   values  of   F  arc  eijual   to   (.«//)   Rm»i. 

K,  denotes  the  sparking  potential  between  the  spheres 
when  one  of  them  is  at  zero  potential.     In  this  case 

E,  -  (*//,)  Rm„. 


Kadum  a  in  rm.   . 

0-25 

0-5 

3>25 

6-25 

12-5 

23 

RauL  (observed) 

R,.^  (calculated/ 

54-6 
55-6 

47-2 
47-3 

■1'  ■■> 

,.■3 

30-,! 
35-4 

.Vr4 
33-2 

3»-4 

30-2 
30-2 
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Table  8. 


Two  equal  spheres.  Radius  =  a  =  o  •  =,  inch.  Tem- 
perature =  0  =  25°  C.  Barometric  pressure  =  h 
=  76  cm.  E  =  sparking  pressure  in  kilovolts  when 
both  spheres  insulated.  E^  =  sparking  pressure  in 
kilovolts  when  one  sphere  is  at  zero  potential.  Rmax. 
=  101  "4  kilovolts  per  inch. 


a  spark  discharge  ensues  whea  the  potentials  of  the 
electrodes  are  81  •  i  and  —  8i-i  kilovolts  respectively, 
and  also  when  they  are  at  potentials  132 -4  kilovolts 
and  zero  respectively.  For  sine-shaped  waves  the 
effective  values  of  the  sparking  voltages  are  E  'y'2  and 
Ei/-y^2  respectively. 


Spark- 
gap,  X, 
in  inches 

X 

a 

/ 

/. 

E 

E, 

01 

02 

I -068 

I -068 

9-50 

9-50 

0-2 

0-4 

I -137 

1-150 

17-8 

17-6 

0-3 

06 

I -209 

1-253 

25-2 

24-3 

0-4 

0-8 

1-283 

1-378 

31-6 

29-4 

0-5 

l-o 

1-359 

1-517 

37-3 

33-4 

0-75 

1-5 

1-559 

1-909 

48-8 

39-8 

10 

2 

1-770 

2-339 

57-3 

43-3 

1-5 

3 

2-215 

3-252 

68-7 

46-8 

2-0 

4 

2-678 

4-201 

75-7 

48-3 

2-5 

5 

3-151 

5-167 

80-5 

49-1 

3.0 

6 

3-632 

6-143 

83-8 

49-5 

one  sphere  at  zero  potential, 
per  centimetre. 


if„ 


Spark- 
g^P,  ', 
10  cm. 

X 

a 

/ 

/■ 

E 

E, 

0-5 
l-o 

O-  I 
0-2 

I  034 
I -068 

1-034 
I -068 

16-3 
31-6 

16-3 
31-6 

1-5 

0-3 

I -102 

1-106 

45-9 

45-7 

2-0 
3-0 
4-0 

0-4 

0-6 
0-8 

1-137 
I  -209 
1-283 

I -150 
1-253 
1-378 

59-3 

83-7 

105-2 

58-6 
80-7 
97-8 

5-0 

1-0 

1-359 

1-517 

124-1 

iii-i 

7-5 

1-5 

1-559 

1-909 

162-2 

132-4 

10 -0 

20-0 
30-0 

2 

4 
6 

1-770 
2-678 
3-632 

2-339 
4.201 

6-143 

190-4 
251-8 
278-5 

144-1 

160-5 
164-6 

If  the  disruptive  voltage  for  a  3-inch  gap  were  30 
times  that  for  a  o-i-tnch  gap  it  would  equal  285 
kilovolts.  Its  actual  value  is  83-8  kilovolts  when  the 
potentials  are  equal  and  opposite,  that  is,  when  they 
are  41-9  and  —  41-9  kilovolts  respectively.  This  gap 
would  also  break  down  when  one  of  the  electrodes  was 
at  49-5  kilovolts  and  the  other  was  maintained  at 
zero  potential. 

Table  9. 

Two  equal  spheres.  Radius  =  a  =  5  cm.       Temperature 

=  9  =  25°  C.  Barometric   height  =  h  =  y6  cm. 

E  =  sparking  pressure    in    kilovolts,    both    spheres 

insulated.  Ej  =  sparking  presstire  in  kilovolts, 


33-71  kilovolts 


For  instance,  we  see  from  Table  9  that  with  lo-cm. 
tlectrodes  when  the  distance  between  them  is  7-5  cm. 


Size  of  Electrodes  Which  Require  the  Highest 
Voltage  for  a  Given  Spark-gap. 

Using  the  formula  (4)  for  Rmax.  we  have  constructed 
Table  10. 

Looking  along  the  horizontal  column  for  a  spark-gap 
of  0-2  cm.  it  will  be  seen  that  the  sparking  voltage 
continually  diminishes  as  the  size  of  the  electrodes  is 
increased,  beginning  with  electrodes  of  radii  each  equal 
to  J  cm.  For  equal  electrodes  of  radii  o  - 1  cm.  the 
sparking  pressure  for  this  air-gap  would  be  8- 1  kilovolts. 
It  wll  be  seen  therefore  that  for  electrodes  of  a  certain 
size  of  radius  lying  in  value  between  o-i  and  0-5,  the 
sparking  voltage  for  an  air-gap  of  o  ■  2  cm.  has  a  maximum 
value.  For  the  other  gaps  given  in  the  table  it  will 
be   seen   directly   that   a  similar  theorem   holds. 

When  the  air-gap  is  greater  than  o  •  7  cm.  it  is  not 
difficult  to  calculate  the  size  of  the  electrodes  which  make 
the  sparking  voltage  a  maximum.  In  this  case  we  may 
write 

x{27-4  +  l^-il^a) 


I  +  xjia  -f  *-V(45  a") 


;?E 


Equating  ^r —  to  zero,  we  get 
0  a 

7-05  {^^  a^  ^-  i^a  X  -\-  x--)=^x  {\=,a  ■\-  z  x)  {ZT ^a\  ■\-  14 -i) 

The  positive  value  of  a  which  satisfies  this  equation 
makes  E  a  maximum,  provided  that  it  does  not  make 
xla  greater  than  a  half.  This  is  ensured  if  x  be  greater 
than  o  -  7. 

As  a  numerical  example,  let  us  put  x  =  i.  The 
equation  becomes 

7-05  145  «'-  +  i5«  +  1)  =  (15«  +  2)  (27-4  ai  +  14- 1) 

By  substituting,  for  a,  2  and  3  respectively  we  see  that 
the  root  must  lie  between  these  values  ;  for  2  makes  the 
right-hand  side  the  greater  whilst  3  makes  it  the  smaller. 
Assuming  that  a  =  2  -  5  is  an  approximate  root  and 
applying  Newton's  theorem,  we  find  that  a  =  2-53 
satisfies  the  equation  very  approximately.  The  value 
of  E  in  this  case  is  31-96.  Since  1/2-53  is  l^ss  than 
0-5  we  are  justified  in  assuming  that /equals 

I  +^/(3«)  +^V(45«') 

Hence  when  the  air-gap  is  1  cm.  the  sparking 
voltage  is  a  maximum  for  spherical  electrodes  whose 
diameters  are  each  equal  to  5-06  cm.,  which  is 
practically  2  inches. 

By  using  the  approximate  formulae  given  for  /  we 
could  find  in  a  similar  way  the  spherical  electrodes 
which  make  the  sparking  voltages  a  maximum  for 
air-gaps  less  than  o  -  7  cm.  They  can,  however,  easily 
be  found  graphically  by  plotting  the  values  of  (.v//) 
Rmax.  against  the  radii  of  the  electrodes. 
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Table  io. 
Sparking  Prtssure  in  KilovoUs  for  Various  Sized  Electrodes  for  Gaps  of  o-2,  0-5,  I,  I -5  and  2  cm.  respectively. 


SfMik-fip  in  cm. 

o»J 

OJ 

«-o 

J115 

5 

6J3 

1: 

I..( 

Radii 

0-2 

8-7 

8-.. 

;•  1 

67 

6-6 

-   - 

Li  ■   1 

5-5 

Pressure  in 
kilovolts 

0-5 

JS" 

»r-4 

17-7 

10-8 

16-3 

16-2 

'5-5 

»5 

«3- 

xo 

20-8 

20-7 

30-5 

31-9 

316 

3>-5 

30 -6 

29-8 

lyi 

^S 

2-3 

320 

39-9 

45-6 

•»5-9 

46- 1 

45-3 

44    I 

41   0 

20 

24-2 

35-3 

468 

57-3 

59-3 

59-9 

59-6 

58-8 

54-S 

O.NE  Electrode  Earthed. 

Wc  shall  now  consider  the  experimental  results  given 
in  the  .\miTican  "  Standardization  Rules  "  when  one 
electrode  is  earthed. 


not  enough,   in  our  opinion,  to  have   any  appreciable 
effect. 

Before  discussing  other  possible  causes  let  us  niake 
the  assumption  that  the  potentials  of  the  electrodes 
at  the  instant  of  breakdown,  instead  of   being  E,  and 


Table  ii. 

Ttco  equal  spheres.  Radius  =  a  =  25  cm.  One  earthed 
(£^  =  o).  Temperature  =6  =  25°  C.  Barometric 
height  =  A  =  yb  cm.     E^jy/z  =  effective  kilovolts. 


E.   n 
Kihmilts 


Nj 

90 
100 
120 
140 
160 
180 
200 
220 
240 
260 
280 

3*o 
340 

('<" 

400 


Spuli  (ip, 
z,  incm. 


Knx    - 

(E,  .)/, 


41 

0164 

'•05.i 

29-1 

4-6 

01S4 

I  -OOJ 

29 -4 

5-2 

o-2o8 

I  -070 

29-1 

6-3 

0252 

1-088 

29-3 

7-4 

0296 

1-105 

29-6 

8-5 

0-340- 

I    123 

29-9 

9.7 

0388 

'•143 

30-0 

IO-8 

0-432 

I  ■  U.8 

305 

120 

0480 

1-188 

30-8 

»3-3 

0-532 

I-2I5 

31-0 

148 

0-592 

1  ■  24<) 

31-0 

16-3 

0-652 

1-^84 

3J-2 

177 

0-  708 

I-3>'> 

31-6 

19-4 

0770 

1  -  yj2 

31-8 

21-4 

o«s'' 

1-410 

31-8 

23 -4 

1-471 

32-0 

ii-5 

"53I 

32-2 

27-6 

i  - 104 

>  •  5"5 

32 -7 

in    v.ilne    from   alM>ut 

irfully  made 

A  Wiiter- 


Table  12. 

Two  equal  spheres.     Radius  =  a  =  25  cm.      £j  «=  —  0-43 
(£,-£•;),   m=o-43. 


Kilovolts 

Spirk- 
K'P.  ', 
in  cm- 

/ 

/, 

_«^E,-E,,^_^ 

80 

41 

«055 

1-055 

29-1 

90 

4-0 

1062 

1-062 

29-4 

100 

5-2 

1-070 

1-070 

29-1 

120 

6-3 

1-086 

1-088 

29-3 

140 

7-4 

1  - 101 

1-105 

295 

160 

8-5 

I    116 

1-123 

29-8 

180 

9-7 

««33 

>  •  143 

29-8 

200 

10-8 

I -148 

I  -164 

302 

220 

120 

1-165 

I -188 

30-3 

240 

»3-3 

1184 

1215 

30-6 

200 

14-8 

1-206 

1  -  249 

304 

280 

16-3 

1-227 

1-284 

30- 4 

300 

17-7 

1-248 

«   3«9 

30-6 

320 

19-4 

1-263 

1-362 

30-5 

340 

21-4 

1-304 

l-4«6 

303 

300 

234 

1-335 

1-471 

30-2 

380 

25-5 

1-307 

I   531 

30-1 

400 

27-6 

1-400 

» ■  .S"}5 

30-2 

Tbil  Ubl<  t 
to  2  wlicti  Uic  I' 


I'bli  companm  <riUi 


at  the  time  of  zero,  are  E,  and  I-:..,  so  that  E,  -  Ej  i-s  tlic  sparking 
...t  which  will  flow.  pressure.  Wc  *hall  also  make  the  a.ssumpti<>ii  that 
laik  of  itynuwctry  but   :   the   ratio  E,/E,  is  constant.     Wc  may  therefore  write 
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E,  =  —  w  (Ei  —  Ej)  where  w  is  a  constant.  In  this 
case  we  get,  by  (i) 

_E.  -E             2m(E.-E,) 
^''^  ~         X        ^^  'x '■'^  ~  ^' 

There  are  two  unknowns  in  this  equation,  Rmax.  and  m, 
we  therefore  need  two  experimental  results  to  determine 
them.  Taking  the  experimental  results  for  sparking 
pressures  of  200  and  400  kilovolts  respectively  from 
the  table  given  above,  we  get 


and 


Rmax.  =  30'5 
-^max.  ^32*7 


m  (400/10-8)  (o-oi6) 
m  (800/27-6)  (0-195) 


Solving  these  equations  we  find  that 

Rmax.  =  30-2  and  m  =  0-4348 


This  value  of   R„ 


obtained  when  the  potentials  of  the  spheres  were  equal 
and  opposite.  It  ^vill  therefore  be  of  interest  to  see 
what  value  we  get  for  Rmax.  from  the  other  experiments 
on  the  assumption  that  m  =0-43  whatever  the 
distance  apart  of  the  electrodes. 

If  all  the  tests  were  made  with  the  same  apparatus 
then  it  is  probable  that  m  is  approximately  equal  to 
0-43  in  all  cases.     We  shall  make  this  assumption. 


Table  13. 

Two  equal  spheres. 

Radius  =  a  =  12-5  cm. 

£a=  -o-43(£i-£.);  £i=o-57  (£•,-£, 
E,-E.  0-86  (£i-£,),^ 

i^max.  = ^ /i l/i  -J) 


(E,-E,)    V  2 
Kilovolts 

Spark- 
gap.  ', 
in  cm. 

X 

a 

/ 

/. 

E-^A 

Rm.-!!. 

60 

2-9 

0-232 

1-079 

I -080 

31-6 

31-6 

70 

3-5 

0-280 

1-095 

1-099 

31-1 

3I-I 

80 

4-r 

0-328 

I-II3 

1-118 

30-8 

30-7 

90 

4-6 

0-368 

I  ■  126 

1-134 

31-4 

31-3 

100 

5-2 

0-416 

1-143 

1-156 

31-5 

31-3 

120 

6-4 

0-512 

I-I77 

I  -205 

320 

31-5 

140 

7-8 

0-624 

I  -217 

1-267 

32-2 

31-4 

160 

9-2 

0-736 

1-258 

1-336 

32-9 

31-7 

180 

10-9 

0-872 

I  -310 

1-427 

33-3 

3,-^-7 

200 

12-8 

I  -024 

1-373 

1-534 

33-9 

31-7 

220 

150 

I  -200 

1-437 

1-668 

34-6 

31-7 

240 

17-7 

1-416 

1-525 

1-840 

35-3 

31-6- 

260 

21  -o 

1-680 

1-633 

2-061 

36-1 

31-5 

280 

25-0 

2  -000 

1-770 

2-339 

37-1 

31-6 

The  mean  value  of  Rmax.,  therefore,  is  31-5  kilovolts 
per  centimetre.  This  compares  with  31-3  given  by 
Table  6. 

Vol.  57. — Supplement. 


is  the   same   as  the  mean  result 


Radius  ■■ 


Table  14. 
Two  equal  spheres. 
:  a  =  6- 125  cm. 


E, 


£.  o-86(£,-£,),^ 


(E,-E,)    V  2 
Kilovolts 

Spark- 
gap,  X, 

X 

/ 

E.-E.^^ 

R.ui<. 

30 

1-41 

0-2256 

1077 

1-077 

32-4 

32-4 

40 

I-9I 

0-3056 

I  •  104 

I  - 109 

324 

32-4 

50 

2-44 

0-3904 

1-134 

1-145 

33-2 

33-0 

60 

3  00 

0-4800 

1-170 

1-188 

33-6 

33-3 

70 

3-60 

0-5760 

I  -200 

I  -240 

34-1 

33-4 

80 

4-20 

0-6720 

1-234 

I  -296 

34-9 

340 

90 

4-90 

0  -  7840 

I  276 

1-368 

35-5 

34-1 

100 

5-6o 

0  -  8960 

I-32I 

1-443 

36-4 

34-5 

120 

7-97 

1-275 

1-473 

1-727 

36-8 

33-5 

140 

10-8 

1-728 

1-655 

2-102 

38-5 

32-4 

160 

15-0 

2-400 

1-945 

2:698 

40-7 

33-8 

The  mean  value  of  Rma..;.  is  33-3  kilovolts  per  centi- 
metre. This  compares  with  the  value  33-4  found  from 
Table  5. 

Table  15. 

Two  equal  spheres. 


Radius  =  a  =  3-125  cm. 

£r 


Rn 


-  E.  0-86  (£1 

x'    ^'  T 


£,) 


Lf.  -/)• 


(E.-E,)V.. 

Spark- 
gap,  X 

KUovolts 

in  cm. 

ID 

0-42 

20 

0-86 

30 

1-35 

40 

1  -92 

50 

2-55 

60 

3-45 

70 

4-60 

80 

6-20  1 

X 

a 

/ 

/. 

0-1344 

1-045 

045  ! 

0-2752 

1-092 

094 

0-4320 

1-148 

164 

0-6144 

1-214 

262 

o-8i6o 

1-288 

389 

1-104 

I  -400 

595 

1-472 

1-488 

886 

1-984 

1-763 

2 

324 

Ei-Ej 


35-2 
36-0 
36-6 

37-2 
38-5 
39-2 
40-6 
42-4 


35-2 
35-9 
36-3 
36-3 
36-8 

36-3 
35-4 
36-2 


metre.     This  compares  with  the  value  36-2  given  by 
Table  4. 

From  the  results  given  above  we  conclude  that  the 
spheres  act  as  if  their  potentials  were  0-57  (E,  —  E,) 
and  —  0-43   (Ei  —  E2)  respectively. 

Explanation  of  the  Potential  Values. 

The  author  does  not  know  the  nature  of  the  apparatus 
that  was  used  for  the  test  or  how  it  was  arranged. 
The  simplest  explanation  he  can  suggest  of  the  anomalous 

16 
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results  obtainrJ  when  one  electrode  was  earthed  is  the 
following.  A  transit  irmer  witli  a  liigh-tcnsion  winding 
n\ay  have  been  employed.  The  centre  ol  this  winding 
may  have  been  earthed.  \Mien  the  electrodes  were 
insulated  the  clectromoti\*e  forces  generated  in  the 
halves  ol  the  transformer  winding  would  have  been 
equal  and  the  electrodes  would  have  l>ecn  at  equal  and 
opposite  potentials.  If,  however,  one  of  the  electrodes 
was  earthed  through  a  high  resistance  one  half  of  the 
transformer  winding  would  Ik'  loaded  with  this  resistance 
and  the  other  hall  wouhl  l>c  practically  on  open  circuit, 
as  the  capacity  current  is  negligibly  small.  Let  us 
suppose  that  the  voltage  drop  on  the  loaded  side  was 
J5  per  cent.  Then  it  would  always  have  this  value 
whatever  the  voltage,  whatever  sized  spheres  were  used 
as  clectrodt^s  and  whatever  their  distance  apart.  Hence 
if  57  kilovolts  was  the  potential  of  the  insulated  electrode 

the  potential  of  the  other  would  be — {57  —     ■*    x  57), 

that  is,  — ^3  kilovolts.  On  this  assumption,  therefore, 
from  what  we  have  shown  above  it  would  follow  that 
the  maximum  electric  stress  between  the  two  electrodes 
determines  in  all  cases  the  disruptive  discharge.  1 

The  above  explanation  is  only  offered  tentatively 
and  possibly  some  other  explanation  is  the  correct  one. 

Unequal  Spheres.  I 

When  the  spherical  electrodes  are  unequal  the  for- 
mulz  given  in  "  Alternating  Currents,"  vol.  I,  chap,  viii, 
enable  the  maximum  stress  at  the  surfaces  of  the  two 
spheres  to  be  computed.  It  is  not  easy  to  see  which 
of  them  determines  the  disruptive  voltage.  As  the 
potentials  of  the  two  spheres  will  not  be  equal  and 
opposite  the  calculation  of  the  maximum  stresses  will 
be  laborious.  It  offers  a  promising  field  for  experi- 
mental research  as  curious  results  will  probably  be 
found. 

Tables. 

The  author  has  found  the  numerical  calculations  in 
this  paper  rather  laborious.  He  would  suggest  that 
the  time  has  now  come  when  complete  tables  of  the 
values  of  /  and  /,  should  be  constructed.  He  would 
also  suggest  tliat  Kelvin's  tables  of  the  electrostatic 
capacity  cocfiTicients  between  equal  spheres  and  of  the 


coefficients  which  enable  their  attractions  to  be  found 
be  expanded  and  completed.  The  labour  involved 
would  not  be  great  and  the  tables  would  be  at  least 
as  valuable  and  useful  as  many  of  those  recently  com- 
puted by  the  British  Association. 

Summary. 

(i)  Simplified  formulae  are  given  by  means  of  which 
the  maximum  electric  stress  between  equal  spherical 
electrodes  can  be  rcadilv  found. 

(2)  Kxpcrimental  results  on  sparking  voltages  when 
the  potentials  of  the  equal  spherical  electrodes  are 
equal  and  opposite  are  analysed.  It  is  found  that  if 
a  be  the  length  of  the  radius  of  each  electrode  in  centi- 
metres, the  maximum  potential  gradient  Rni»x.  at 
the  instant  of  discharge  is  given  by 


Rmax.  =  274  + 


kilovolts  per  cm. 


very  approximately  when  the  temperature  of  the  air 
is  25°  C.  and  the  height  of  the  barometer  is  76  cm. 

(3)  The  sparking  voltage  E  between  two  spherical 
electrodes,  the  radius  of  each  being  a,  and  x  being  the 
distance  between  them,  is  given  by 


-;(»'•<  ^- ':;:)" 


kilovolts 


at  25°  C.  and  76  cm.  pressure,  where  /  is  a  factor  which 
can  be  easily  calculated  from  the  geometrical  dimensions. 
It  has  to  be  remembered  that  these  formula;  do  not 
apply  to  air-gaps  less  than  1  mm.  or  air-gaps  so  great 
that   brush   discharges    take   place. 

(4)  It  follows  from  the  formula;  given  above  that 
in  general  for  a  fixed  spark-gap  there  are  certain  sized 
spherical  electrodes  which  offer  the  maximum  resist- 
ance to  sparking.  Increasing  or  diminishing  the  size 
of  the  electrodes  from  this  value  makes  the  spark  take 
place  more  readily. 

(5)  The  results  when  one  electrode  is  cirthetl  given 
in  the  "  Standardization  Rules  "  of  the  American 
Institute  are  analysed.  I'Vom  the  results  it  appears  that 
the  potentials  of  the  electrodes  were  not  V.  and  o,  but 
were  o  •  57  E  and—  0-43  E.     These  values  of  the  potentials 


make   the   values   of   K„ 


deduced    the   same   as    the 


values  found  when  the  potentials  are  equal  and  opposite. 
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DEVELOPMENTS  IN  ELECTRIC  IRON  AND  STEEL  FURNACES. 

By  J.  BiBBV. 

{Paper  received  g  April,  and  read  at  a  Joint  Meeting  of  The  Institution  and  The  Iron  and  Steel  Institute, 

8  May,  1919.) 


The  author  proposes  to  confine  his  remarks  in  this 
paper  to  some  of  the  recent  developments  in  the  manu- 
facture of  iron  and  steel  by  means  of  electric  furnaces, 
as  he  imagines  this  will  be  more  acceptable  than  to 
treat  the  whole  subject  generally. 

Let  us  first  consider  the  application  of  electricity 
to  the  reduction  of  iron  ores,  namely,  to  the  manu- 
facture of  pig  iron.  Iron  occurs  in  nature  in  the  form 
of  oxides,  which  can  be  reduced  in  contact  with  carbon 
at  certain  temperatures.  In  the  electric  furnace  the 
function  of  electricitj'  is  to  bring  the  ores  and  reducing 
agents  to  the  temperature  at  which  reduction  takes 
place,  and  then  melt  the  resulting  metal  together  with 
the  fluxes.  Although  there  are  technical  advantages 
in  electric  heating  over  direct  fuel-heating,  the  com- 
mercial success  of  the  electrical  reduction  of  iron  ore 
depends  on  the  price  of  electricity  as  compared  with 
that  of  fuel.  The  profitable  appUcation  of  the  elec- 
trical process  is  therefore  limited  to  those  districts 
where  cheap  electric  power  can  be  obtained. 

The  manufacture  of  pig  iron  in  a  blast  furnace 
requires,  on  an  average,  one  ton  of  coke  per  ton  of 
pig  iron  produced.  Given  the  same  ore,  an  electric 
furnace  would  require  0-3  ton  of  coke  per  ton  of  pig 
iron  produced,  thus  effecting  a  saving  of  0-7  ton  of 
coke  per  ton  of  iron.  Against  this  saving  in  coke 
must  be  set  the  consumption  of  electrical  energy,  which 
averages  0-3  horse-power-yeai"  per  ton  of  iron.  This 
means  that,  other  conditions  being  equal,  the  costs 
of  the  two  systems  balance  when  i  horse-power-year 
can  be  obtained  for  the  price  of  2-3  tons  of  coke. 

Electric  pig  iron  contains  less  impurities  than  pig 
iron  from  the  blast  furnace,  owing  chiefly  to  the  smaller 
quantity  of  coke  used  and  to  the  higher  temperature 
obtainable.  The  higher  temperature  makes  it  possible 
to  work  with  a  more  basic  slag,  which  favours  the 
eUmination  of  sulphur.  There  are  now  over  20  electric 
furnaces  working  on  the  manufacture  of  pig  iron,  and, 
at  the  moment,  about  12  more  are  being  installed, 
which  is  a  good  indication  of  the  commercial  hold 
the  system  is  taking. 

The  general  appearance  of  the  electric  reduction 
furnace  (Fig.  i)  follows  that  of  the  blast  furnace  fairly 
closely.  The  stock  charging  and  hoisting  gear  are  the 
same.  The  shaft  is  somewhat  similar,  except  that  it  is 
only  about  30  ft.  high  instead  of  80  ft.  At  the  point 
corresponding  to  the  tuyere  belt  in  the  blast  furnace  the 
shaft  proper  of  the  electric  furnace  ends,  and,  in  place 
of  the  narrow  blast  furnace  hearth,  there  is  provided 
in  the  electric  furnace  a  wide  shallow  hearth  or  crucible, 
the  shape  of  which  is  characteristic.  This  crucible 
forms  the  melting  and  refining  chamber,  and  it  is  with 
the  occurrences  in  this  chamber  that  the  electrical 
engineer  is  chiefly  concerned. 


In  the  blast  furnace  the  necessarjr  heat  is  generated 
in  the  tuyere  zone  by  the  combustion  of  the  coke 
indirectly  to  CO.  The  hot  combustion  products  ascend 
the  shaft  and  reduce  the  ore  in  the  zone  in  which  a 
sufficiently  high  temperature  obtains.  The  reduced 
iron,  in  the  form  of  sponge,  descends  the  shaft  and 
is  melted  in  the  fusion  zone  round  about  the  tuyeres, 
whence  it  trickles  down  to  the  hearth.  In  the  electric 
furnace  the  necessary  heat  is  generated  by  the  resistance 
to  the  passage  of  current  between  the  electrodes,  which 
project  through  the  roof  of  the  crucible  and  are  embedded 
in  the  charge. 

At  this  stage  we  may  consider  the  chemical  action 
taking  place  in  the  electric  furnace.  The  iron  ore, 
coke,  and  flux  are  charged  at  the  top  of  the  furnace, 
and  these,  in  descending,  are  heated  by  the  ascending 
gases  generated  at  the  base  of  the  shaft  and  top  of 
the  crucible  by  the  final  reduction  which  takes  place 
in  this  region.  Wlien  the  temperature  of  the  ore, 
FejO^,  has  reached  about  250°  C,  it  is  reduced  to  a 
lower  oxide,  FeO,  by  part  of  the  ascending  CO,  forming 
COo.   The  full  reduction  process  can  beset  out  as  follows : 

I      i  II 

Fe3  0„-|-3C-|-3CO— >3FeO-f-3C-fCO^-f2CO     •    •    •    (i) 

t 


V 
3Fe-F3CO<— 3FeO-f3C 


{^) 


I 


It  will  be  seen  that  with  ever^'  molecule  of  magnetite 
ore  there  should  be  three  molecules  of  carbon,  and 
this  carbon  descends,  without  change,  till  the  temper- 
ature is  sufficient  for  reaction.  Equation  (2)  shows 
that  the  final  vield  is  three  molecules  of  iron  which 
descend,  two  of  CO  and  one  of  CO,  which  ascend  ; 
so,  theoretically,  there  are  12  parts  by  weight  of  carbon 
charged  to  56  of  iron  produced,  that  is  22  per  cent, 
and  it  is  satisfactory  to  find  that,  in  the  furnaces  built 
recently,  no  more  than  this  quantity  of  carbon  is  con- 
sumed per  unit  of  iron  produced.  The  first  reduction 
to  ferrous  oxide  by  CO  is  at  the  temperature  of  250°  C. 
mentioned  above,  but  the  reduction  of  the  ferrous 
oxide  by  solid  carbon  does  not  commence  until  a 
temperature  above  800°  C.  is  reached,  so  that  reduction 
is  not  completed  until  part  of  the  oxide  is  in  the  crucible. 

It  will  be  noticed  from  the  equations  that  in  the 
electric  process  the  whole  of  the  gas  is  produced  from 
the  oxygen  in  the  ores  and  the  carbon  in  the  fuel, 
neglecting  flux  action,  whereas  in  the  blast  furnace 
a  large  quantity  of  external  air  must  be  introduced 
to  proidde  the  balance  of  oxygen  necessary  for  the 
combustion  of  the  fuel  for  heating.  In  the  electric 
furnace  the  gas  generated  is  only  one-eighth   of  that 
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generated  in  a  blast  furnace  for  the  same  dut\'.  but 
Its  calorific  \-alue  is  nearly  three  times  as  high,  inasmuch 
as  it  contains  no  nitrogen. 

Besides  the  melting  and  final  reduction  operations 
m  the  crucible,  we  have  to  melt  the  flux  so  as  to  form 
a  slag  with  the  gangue  of  the  ore  and  the  ash  of  the 
coke,  and  at  the  same  time  eliminate  as  much  as  possible 
the  sulphur  -d  by  the  ore  and  the  coke.     The 

sulphur  is  I  .   through  tlie  agency  of  the  lime, 

forming  calcium  sulphide,  which  is  retained  in  the 
slag.  The  slag  should  be  Ixighly  basic  in  order  that 
it  mav  absorb  the  sulphur,  which  would  otherxnsc 
remain  m  the  iron  as  sulphide  of  iron.  This  necessitates 
a  high  temperature,  owing  to  the  high  melting  point 
of  hme  ;  but  it  would  be  futile  to  have  a  liigh  temper- 
ature at  one  part  of  the  metal-slag  contact  iirea  and 
a  low  temperature  at  another,  as  in  that  case  the  sulphur 


'^7 


\\ 
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b, 

t»i. 
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C'>r>•ll^t< 
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have  a  higher  rate  of  heat  generation  around  the 
electrodes  than  in  the  intermediate  spaces.  Howexer, 
it  does  not  materially  affect  matters  if  we  consider 
that  the  resistance  between  the  electrodes  is  uniform 
throughout  the  space  between  them,  i.e.  that  it  is 
projxjrtional   to   the  distance. 

It  will  be  ob\-ious  that  the  larger  the  furnace  the 
greater  will  be  the  number  of  electrodes  required  to 
distribute  the  heat  sufliciently  :  and  further,  since  up 
to  the  present  no  electrodes  have  been  made  having 
a  greater  capacity  Uxan  20,000  amperes,  a  number  of 
electrodes  are  required  to  get  the  desired  quantity  of 
energy-  into  the  furnace.  The  main  factor,  however, 
is  distribution.  The  following  table  gives  the  number 
of  electrodes  used  on  various  sizes  of  furnaces  and 
the  outputs  : — 


...  ..    .te 


Flo.    i  — hlitiro-.Sictali  reduction  furnace. 

would  jLLSb  Ijatk  from  the  slag  into  the  metal,  at  the 
cold  i>l.ii.cs,  and  neutrali/c  the  gmxl  wiirk  at  the  hot 
places.     Til'  ■  m  must  therefore  lie  arranged 

•oastode^'  ..ly  high  temperature  through- 

out   the   central    .md    lower    portions    of   the   crucible, 
in   now  consKlcr  the  means  which  arc   taken  to 
iixh   this  thermal  state. 

■'■■"•  T" M-d.   the  heat  is  developed  by  the 

'•  charge  to  the  passage  of  current 
It  is  difhcult  to  a-sccrtain 
I  the  charge,  in  tlic  vary- 
in  the  crucible,  wlicrc  it 
■ing  iron,   gangue,   fluxes 
m,  so  far,  impossible 
;■   across  the  crucible 
a»  :  like  ,    and  the  drop  dfjcs  not  increase  quite 

in   ;  .    ,    ...   11  to  the  di»t.T'"-    .-.i..  g_  as  would  be 

expected,    that    there   i»  drop   t>ctwccn 

the  clectrndcM  ari'  •'  'n..!    wni.  ii  drop  m  1  onstant 

tor  any  given  ri  kI  turrcnt.     The  cllr<  t  i»  to 


Commercially  the  smallest  furnace  is  the  2,500  horse- 
power,  with  an  output  of  7,000  tons  of  pig  i>er  year. 
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In  this  furnace  we  have  four  electrodes  coupled  to  the 
secondary  tcmiinals  of  a  Scott  group  ;  ind  the  first 
scheme  was  to  connect  them  as  shown  in  I'lg.  i,  where 
Uic  lower  part  of  the  diagram  rciirescnis  a  horizontal 
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Fig.  3. 


section  through  the  crucible  at  the  ends  of  the  electrodes 
Nos.  I,  2,  3  and  4.  The  voltages  across  the  electrodes 
1-2  and  3-4  will  be  equal,  but  the  voltages  between 
the  other  pairs  of  electrodes  need  not  be  the  same  ; 
for  instance,  there  is  no  need  for  any  voltage  drop 
between  electrodes  2  and  3,  in  which  case  there  would 
be  no  current  passing  between  these  electrodes  and 
no  heat  generated  in  the  space  between  them.  Similarly, 
the  voltages  between  electrodes  i  and  4  may  be  1-4 
times  the  phase  voltage,  and  in  this  case  there  would 
be  an  excess  of  current,  and  consequently  excessive 
heating,  between  electrodes  i  and  4.  The  lines  between 
the  electrode  circles  represent  roughly  what  may  be  con- 
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Fig.  4. 


Fig.  5. 

sidered  to  be  the  lines  'of  heat  generation  in  the  crucible. 
The  effect  was  to  produce  excessive  heating  at  certain 
places,  for  example,  between  i  and  4  electrodes,  and 
deficient  heating  at  other  places,  say  between  electrodes 
2  and  3,  resulting  in  irregular  working  and,  what  was 
of  serious  importance,  undue  destruction  of  the  lining, 
especially  of  the  roof  near  the  overheated  portions. 
This  difficulty  was  overcome  in  a  very  simple  maimer 
as  shown  in  Fig.  3,  where  the  neutrals  on  the  secondary- 
side  of  the  Scott  group  were  connected  so  as  to  obtain 
the  eflfect  of  four  equal  independent  phases  between 
each  electrode  and  an  imaginary  neutral  point.  The 
potential  between  the  electrodes  and  the  neutral  can 
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be  rcprtstnted  by  the  semi-diagonals,  and  that  between 
the  electrodes,  externally,  is  1-4  times  the  voltage 
to  the  neutral.  These  voltages  are  proportional  to 
the  respective  distances,  so  tliat  the  rate  of  heat  gene- 
ration along  all  tlic  lines  connecting  c\'en,'  pair  of 
electriKlcs   will   tend    to   be   uniform. 

The  next  size  of  furnace,  viz.  the  4,000  horse-power, 
requires  six  electrodes,  and  the  idea  on  the  early  fur- 
naces  was   to  employ   tliree   singlo-pliaso   Iransfuriners, 


between  electrodes  I  and  2.  and  it  was  possible  to  have 
as  liigh  a  \'oltage  between  adjacent  electrodes  i  and 
6  as  between  diametrically  opposite  electrodes.  The 
result  was  a  ven,'  irregular  distribution  of  heat.  There 
were  zones  of  intense  heat  and  zones  where  the  heating 
was  insufficient  and,  as  a  consct^uence,  deficient  working 
and  local  destruction  of  hniiigs.  The  trouble  was 
remedied,  as  in  the  four-electrode  system,  simply  by 
connecting   the   neutrals   on   the   secondary   side  so   as 
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to  secure  the  three  pha.ses  Iwiiig  lelalivcly  fixed,  and 
obtain  the  equivalent  <>f  six  equal  phases  at  Oo°.  The 
heating  effect  is  appmximatcly  as  shown  by  the  lines 
in  I'ig.  5,  and  the  improvement  is  obvious  on  rcmpaiing 
the  two  diagrams. 

The    next    m/e    of    furnace,    the    6,o<io    horse-puwcr, 
has  eight  cloctriKles   and,  for  ni.any  rea.sons,  it   .-tppenrs 
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that  this  is  destined  to  be  the  most  popular  size.  For 
this  furnace  we  require  to  transform  three-phase  cur- 
rent into  eight  equal  phases  consecutively  at  45°. 
There  may  be  other  ways  of  obtaining  this  transforma- 
tion statically,  but  the  plan  which  has  been  adopted 
is  that  which  will  now  be  explained.  Five  transformers, 
with  relative  ratios  as  marked,   are  connected  on   the 


in  N  P  and  N  M  and  represented  in  the  diagram  by 
O  P  and  O  M,  giNing  the  resultant  Ei.  Similarly, 
the  voltages  bet^veen  the  other  electrodes  and  the 
neutrals  are  represented  respectively  by  the  equal 
vectors  E^,  E3.  E4,  Ej,  Eg,  E7,  and  Es,  at  45°  progres- 
sively, which  satisfies  one  condition  of  the  system. 
From  the  electric  supply  standpoint  it  is  important 
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primary  side  as  indicated  in  Fig.  7,  and  the  secondary 
terminals  are  connected  to  the  electrodes  in  the  order 
shown.  The  neutrals  are  connected  for  the  same 
reason  as  on  the  smaller  furnaces,  ^^^len  correctly 
proportioned,  we  obtain  eight  equal  voltages  induced 
between  every  electrode  and  the  neutral.  From  the 
voltage  vector  diagram  (Fig.  8)  it  v\dll  be  seen  that 
the  voltage  between  Xo.  i  electrode  and  the  neutral 
is   equal   to   the   vector   sum   of  the   voltages    induced 


that  when  equal  currents  are  taken  through  all  the 
electrodes,  three  equal  currents  should  be  taken  from 
the  primary  mains.  Fig.  9  is  the  current  vector  diagram, 
from  which  the  current  relationsliips  can  be  followed, 
assuming  that  equal  currents  are  taken  through  each 
electrode.  The  lines  i^,  5^^,  3,e,  and  4,v;  repre- 
sent the  currents  induced  in  the  primary  C  by  the 
respective  transformers.  The  vector  sum  of  these 
currents   is   twice   I^.      Similarly,    the   currents  in   the 
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otiier  pnm.irios  arc  represented  by  twice  !«  and  I». 
This  system  satisfies  the  electrical  conditiun  fur  balance 
Iwtween  the  primary  and  secondary  sides,  and  at  the 
same  time  secures  an  exceptionally  good  heating 
distribution. 

It  will  be  observed  that,  if  the  electrodes  arc  set  out 
as  shown  in  the  diagram,  the  effective  voltage  between 
any  pair  of  electrodes  is  projvirtional  to  the  distance 
between  their  centres,  and,  consc<]uently.  if  the  resist- 
ance were  constant,  the  amount  of  heat  development 
could  be  represented  by  Uie  lines  drawn  lietween  the 
pairs  of  clectn>dcs.  As  previously  explained,  this  is 
not  precisely  what  happens,  since  there  is  a  constant 
voltage  drop  between  the  surface  of  the  electrodes  and 
the  adjacent  material. 

The  securing  of  a  uniformly  distributed  high  tempera- 
ture gives  the  electric  furnace  an  advantage  over  the 
blast  funiace  in  this  respect.     In  the  blast  furnace  the 


The  liiph  temperature  in  the  crucible  would  be  destruc- 
tive to  the  roof,  even  with  regular  heating,  and  to 
avoid  this  a  portion  of  the  outgoing  gases  is  extracted 
from  the  main,  taken  tlirough  coolers  and  dust  extractors, 
and  blown  against  the  roof  through  the  free  space 
between  the  charge  and  the  roof.  The  gases  are  cooled 
to  a  temperature  of  about  70°  C,  and  it  is  found  that 
if  about  two-thirds  of  the  gases  are  circulated  the  roof 
is  effectively  preserved.  At  the  same  time,  tliis  circu- 
lation assists  in  carrying  the  heat  from  the  crucible 
into  tlie  shaft  so  as  to  effect  the  first  reduction  of  the 
ore  at  a  higher  level.  It  will  be  observed  that  under 
tliis  arrangement  all  the  gas  generated  passes,  on  the 
average,  three  times  through  the  shaft ;  but  there  is 
a  distinct  thermal  loss  by  the  amount  of  cooling 
necessary. 

To  ensure  the  proper  working  of  the  furnace  under 
the  inevitably  var\'ing  conditions  of  the  charge,   it  is 


Fig.  8. — Voltage  diagram. 

temperature  of  the  hearth  is  fixetl  by  the  possible 
temperature  of  the  combustion  at  the  tuyere  zone, 
say  1,800''  C,  and  this  determines  the  melting  point 
of  the  flux,  that  is.  the  possible  proportion  of  lime. 
Now,  in  the  electric  furnaces  wc  have  no  such  limiting 
temjwrature,  and  it  i.s  pos-sible  to  have  a  flux  with  a 
melting  p<iint  of  2,000°  C,  which  permits  of  its  being 
more  Iiighly  basic  and  therefore  more  effective  as  a 
r<-'  •  lit. 

.ippear  that  the  current  passes  horizontally 
b<  'Ics,  but   this   is   not  exa<  tly  what 

t;i.  iucilile.   as  a  jHjrtion   of  current   is 

d'  li    the    molten    metal    on    the    hearth, 

f  .  .  the  bath  of  metal  rises,  the  resistance 

drcreafMm.  until  a  p<^iint  is  reached  wheti  it  is  ini]>osHible 
to  get  unffirient  energy  into  the  funiace,  and  the  bath 
moat  then  )m>  tapped.  Hiis  limit  corresponds  to  that 
net  by  the  height  of  the  tuyeres  in  a  blast  furnace  ; 
but  the  erowth  of  the  Xtnlh  i»  much  Niowcr.  owing  to 
it"  width      An    rlectrir    furnace    is 

t.i;  fiDtin  t'l  Huit  the  shiftn. 


Fig.  9. — Current  diagram. 

necessary  to  have  full  control  of  the  circulation  gases 
and  the  electric  energy  delivered  to  the  crucible.  Re- 
garding the  energy  supplied,  it  is  not  possible  to  have 
regulation  of  current,  but  the  transformers  are  arranged 
Willi  taj)]nngs  cm  the  primary  side  so  as  to  give  about 
eight  steps  of  voltages  on  the  secondary,  varying  from 
25  to  50  between  the  electrodes  and  the  neutral. 
The  circulating  gases  arc  regulated  by  a  direct-current 
motor-driven  fan  with  wide  speed  regulation. 

The  general  electrical  scheme  of  a  4.000  horsc-powcr 
six-electrode  fiinLicc  is  shown  in  l-'ig.  6,  which  is  fairly 
self-explanatory.  It  will  be  observed  tliat  a  motor- 
generator  set  is  fitted  for  operating  the  fans.  The 
single-phase  transformers  are  of  1,200  k.v.a.  each, 
shell   type,   water-cooled,   with  connt-ctecl  neutrals. 

One  of  the  most  imp<irtant  points  for  consideration 
on  the  electrical  side  is  the  arrangement  of  the  low- 
tension  leads  :  each  lead  has  to  take  a  current  of  the 
order  of  20,000  amperes,  and  therefore  the  greatest 
care  must  be  taken  to  avcod  induction.  As  an  example 
of  the  losses  which  may  occur  in  the  low-tension  leads. 
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it  was  found,  in  a  test  on  an  early  furnace,  that  the 
output  from  the  transformer  was  about  4,000  kw., 
but  the  input  to  the  electrodes  was  3,400  kw.,  showing 
a  loss  of  600  kw.     The  losses  are  distributed  as  follows  : — 


In  the  contact  clamps  at  the  electrodes 
In  the  resistance  of  the  leads    . . 
Bv  induction 


Total  losses 


120  kw. 
165     .. 
315     .. 

600  kw. 


The  heavy  induction  losses  were  chiefly  caused  through 
the  leads  ha\'ing  to  pass  near  the  structural  ironwork 
of  the  furnace.  By  re-arranging  the  leads  and  inter- 
lea\ing  the  bars  the  induction  losses  can  be  brought 
down  to  about  50  kw.  On  well-designed  plants  a 
power  factor  of  go  per  cent  is  obtained,  and  a  load 
factor  of  80  per  cent. 


10  20  30  40  50 

%  CO2  ta  eadt  gases  (by  vohime) 

Fig.   10. — Fuel  and  energy  consumption  for  electrical 
reduction  of  magnetite  (FCjO^). 


The  power  consumption  per  ton  of  pig  iron  produced 
depends  chiefly  on  the  percentage  of  iron  in  the  ore, 
on  the  percentage  of  CO,  in  the  waste  gas,  and  on  its 
temperature.  The  ideal  process  would  be  to  bum  the 
whole  of  the  carbon  to  CO2,  but  the  reducing  value  of 
the  gas  rapidly  decreases  as  the  percentage  of  COj 
increases,  until  a  point  is  reached  when  reduction 
ceases.  In  the  electric  furnace  it  has  been  found 
possible,  under  the  best  conditions,  to  approximate 
to  the  equation  previously  gi%'en  where  the  final  gas 
consists   of   2CO-|-COj,  which  gives  56  of  CO  to  44  of 


CO,  by  weight,  that  is,  44  per  cent  of  CO,,  which  is 
equal  to  about  33  per  cent  of  COj  by  volume.  Fig.  10 
shows  the  consumption  of  energ\'  for  various  per- 
centages of  iron  in  the  ore,  and  various  percentages 
of  CO2,  by  volume,  in  the  waste  gases.  In  a  good  case 
of  33  per  cent  CO^  and  70  per  cent  iron  content,  the 
consumption  was  onlv  1,320  kilowatt-hours  per  ton. 
The  average  obtainable,  however,  is  22  per  cent  of 
COj,  and  with,  say,  60  per  cent  iron  content  the 
consumption  is  about  1,500  kilowatt-hours  per  ton. 
The  consumption  of  fuel  is  given  in  the  lower  table, 
where  the  bottom  hne  indicates  the  consumption  of 
pure  carbon,  and  the  top  line  that  of  coke  per  ton  of 
pig.  It  will  be  seen  that  for  22  per  cent  CO,  the  con- 
sumption of  coke  is  only  about  6  cwt.  per  ton  of  pig, 
excluding  that  required  for  carbonizing  the  iron,  and 
this  is  a  common  figure  in  practice. 

The  working  of  the  electric  reduction  furnace  requires 
quite  as  much  skill  as  the  working  of  the  blast  furnace, 
but  it  is  under  better  control  and  has  greater  possibiUties 
for  the  production  of  various  grades  of  iron. 

Electric  Steel  Refining  Furnaces. 

The  appUcation  of  electricity  to  steel-refining  has 
become  much  more  general  than  to  the  manufacture 
of  pig  iron,  inasmuch  as  in  the  former  the  price  of 
electrical  energy,  although  an  important  factor,  is  not 
the  predominating  one  in  determining  the  commercial 
value  of  a  proposition. 

In  steel-making,  electricity  has  ad\antages  which 
place  it  well  ahead  of  other  heating  systems.  The 
chief  of  these  advantages  is  that  the  heat  can  be  supplied 
in  easily  regulatable  quantities  and  intensities,  free 
from  contaminating  gases.  Moreover,  the  process  can  be 
carried  on  in  a  reducing  atmosphere,  which  is  of  capital 
importance.  Of  the  many  methods  of  appljong  elec- 
tricity that  have  been  tried,  the  only  one  which  has 
survived  is  the  direct-arc  tj^e,  in  which  the  metal  is 
heated  by  arcs  struck  between  electrodes  and  the  bath 
of  metal  itself.  An  incidental  advantage  of  this  sj-stem 
is  that  the  slag  is  brought  to  a  higher  temperature 
than  the  metal,  which  is  ver\'  desirable  on  account  of 
its  higher  melting  point,  and,  further,  it  is  the  most 
direct  method  of  getting  the  heat  into  the  ftietal. 

In  this  part  of  the  paper  the  author  will  deal  with 
only  some  of  the  features  connected  with  this  particular 
system.  Two  types  of  furnaces  have  been  developed 
on  these  lines,  one  in  which  all  the  electrodes  are  above 
the  bath,  and  the  other  in  which  the  electrodes  are  both 
abo\-e  and  below  the  metal.  The  first  point  to  observe 
is  that  the  resistance  between  any  two  upper  electrodes 
is  equal  to  the  resistance  of  two  arcs  (the  resistance 
of  the  metal  being  neghgible),  whereas  the  resistance 
between  an  upper  electrode  and  a  lower  electrode  is 
equal  to  one  arc  plus  the  resistance  of  the  heairth. 
Now,  in  order  that  a  number  of  phases  may  be  in 
balance,  it  is  necessary  that  the  resistances  in  the  phases 
be  equal,  e.g.  if  we  have  a  three-pha^e  furnace  system 
we  must  have  three  equal  resistances.  In  the  Heroult 
three-phase  system  there  are  three  upper  electrodes 
connected  to  the  outside  terminals  of  three  single- 
phase  transformers.  In  this  system  the  resistance 
between  each  pair  of  phases  is  equal  to  that  of  two 
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arcs,  so  that  the  arrangement  gives  a  balanced  system 
when  correctly  regulated. 

If  we  have  a  three-phase  system  with  two  upper 
electrodes  and  one  lower  electrode,  the  resistance 
between  tlie  two  upper  electrodes  will  be  equal  to  that 
of  two  arcs,  and  the  resistance  between  eitlicr  upper 
electrode  and  the  lower  electrode  will  be  equal  to  that 
of  one  arc,  plus  the  resistance  of  the  hearth  ;  so  that, 
in  order  Uiat  tlie  s>-stem  may  be  balanced,  tlie  resist- 
ance of  the  hearth  must  be  e<iual  to  that  of  one  arc 
to  bring  the  total  resistance  to  two  arcs,  and  this  results 
in  one-sixth  of  the  energy  being  dissipated  in  the  hearth. 
Now  a  basic  hearth  is  a  conductor  of  the  second  class, 
and  tlie  resistance  decreases  as  a  function  of  the  rise 
in  temperature.  The  resistance  on  the  hearth  surface 
in  contact  with  the  metal,  where  the  temperature  is 
about  1, 800°  C.  is  very  small,  but  increases  compara- 
tively rapidly  towards  the  bottom  of  the  lining  ;  so 
that  the  heat  generated  in  the  hearth,  through  its 
resistance,  is  principally  towards  the  outside,  away 
from  the  metal.  The  horizontal  lines  in  I'ig.  11  show 
the  rato   <.{  Ii.Mt  generation   throuRliout   the   depth  of 


Resistdncel 
Fig.  II. 

the  lining.  From  tliis  it  will  be  seen  that  there  can 
be  no  benefit  to  the  metal  tlirough  the  generation  of 
heat  in  the  lining,  but,  on  the  contrary',  it  can  be  assumed 
that  practically  the  whole  of  the  heat  thus  generated 
is  dissipated  by  radiation  outside  the  furnace,  rather 
tlian  that  any  is  absorbed  by  the  metal.  A  three- 
phase  furnace,  or  a  furnace  having  any  other  number 
i.f      '  Tccted,    and    depending    on    hearth 

r.  ice,    although    it    might    seem    the 

^.  iU  to  .'ulujit,  is  Ixjund  to  be  w.osteful  in  current 

<•  .n.     l"'or  any  sy.slem  to  be  bal.mced,  without 

the  introduction  of  resistances  other  than  the  arcs, 
the  number  of  arcs  must  be  a  multiple  of  the  number 
of  phases. 

Tliis  brings  us  to  the  determination  of  the  number 
of  arcs  wliich  shriuld  be  used  in  an  electric  furnace. 
I  ;  I   piiint  of  view  the   fewer  the  arcs 

1  ''in  ;    but  the  minimum  number  is 

il  Inralions.     There 

I  1  the  raw  material 

I  undue  exertion  in  pushing 

t!i  ii   the  melting   zones,   and, 

in  refining,  it  is  im|>crativc  that  the  metal  and  slag 
nhould  l>c  brought  to  a  high  and  uniform  temperature, 
riie  rcavin  for  tin*  iiniiormly  high  tempcr.iturc  is  that 

t'       ■  "-nds  on   it.s  lime  content, 

»  The  higher  the  content 


of  the  lime  the  higher  the  melting  point,  so  that  the 
higher  the  temperature  the  more  possible  it  is  to  have 
a  Iluid,  high  basic,  slag.  The  extent  of  the  chemical 
action  is  indirectly  limited  by  the  minimum  temperature 
of  the  slag,  so  that  in  order  to  get  a  uniformly  high 
temperature,  we  must  have  no  place  in  the  furnace 
too  far  away  from  an  arc,  thus  necessitating  an  adequate 
number  of  arcs  to  secure  this  condition. 

Small  furnaces  have  been  made  ha\ing  a  single  arc, 
but  it  does  not  appear  that  any  of  these  furnaces  are 
in  use  for  refining  operations  ;  they  are  simply  em- 
ployed for  melting.  There  is  the  further  difficulty  o( 
obtaining  single-phase  current  from  the  usual  three- 
phase  supply  without  employing  rotary  transformers. 
It  is  found  that  two  arcs  sufficiently  cover  a  bath  up 
to  about  6  tons'  capacity,  and  there  is  no  necessity  to 
employ  more  that  two  upper  electrodes  for  furnaces 
up  to  this  size.  In  order  to  satisfy  the  conditions  for 
balance,  without  the  serious  hearth  resistance  loss 
before  mentioned,  the  two-arc  system  employed  must 
only  have  two  phases  with  a  common  neutral  and  as 
little  hearth  resistance  as  possible.  Fortunately,  a 
dolomite  hearth  is  a  fairly  good  conductor  at  the 
working  temperature,  and  the  loss  through  a  depth  of 
12  inches,  wliich  is  an  ample  thickness  for  a  furnace 
hearth,  involves  a  drop  of  only  two  or  three  volts  at 
a  current  density  of  3  amperes  per  square  inch.  The 
two-phase  current  is  readily  obtained  from  a  three- 
phase  supply  by  the  usual  plan  of  Scott-connecting 
two  transformers,  or  by  employing  two  phases  of  the 
four-phase  system  (to  be  described  later)  with  two 
phases  cut  out  and  the  transformer  ratios  modified  to 
give  two  quadrature  currents. 

The  main  field  for  these  small  two-arc  electric  fur- 
naces is  in  small  foundries  manufacturing  better-quality 
castings,   such   as   motor-car   parts,   etc.     The   castings 
made  from   the   electric   furnace  are   superior  to  those 
made     from     small     converters,     smce     the     metal     is 
thoroughly   deoxidized    and     the     sulphur    content    is 
reduced  to   a  minimum.     The  predominating  cause  of 
defects  in  steel  castings,  apart  from    moulding  errors, 
is  the  presence  of  oxides,  and  the  freedom  from  oxides 
in  electric    furnace  metal   is   a  positive   step  forward  ; 
also,  owing  to  the  reduction  in  sulphur,  the  metal  is 
much    more    ductile    and    uniform    in    composition,   so 
that  electric   steel   castings  are  freer    from  contraction 
tears    and    arc    much    more   c.Tsily   machined.     Waster 
castings,     which    figure    so    largely    in    ordinary    steel 
I    foundry    work,    are    reduced    to    an    almost     negligible 
quantity.       The.se    small    electric     furnaces    arc     also 
rapidly  displacing    the   ordinary   crucible    furnaces    for 
I    the     manufacture    of     higher     quality    steels    such    as 
ordinary    tool,   spring,    tungsten,  nickel-chrome    steels, 
I    etc.     The    electric     furnace     is    able     to    mauufacturo 
accurately  to  .specification   all   kinds  of  steel   from  the 
cheapest  raw  material,  since    the  reilucing  atmosphere 
permits  of  the  alloy  additions  being  made  practically 
without  loss. 

There  is  an  important  u.se  for  the  small  furnace  of 

about    half-ton    capacity,    and    that   is   the    melting   of 

fnrro-manganesc  lor  use  in  conjunction  with  open-hearth 

furnace!!.     When     s>>lid    ferro-manganesc    is   added     to 

,    molten  steel  in  the  l.ullc,  it  is  only  rclui;tantly  absorbed 
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aad'at  least  30  per  cent  of  the  manganese  content  is 
lost  by  oxidation.  Portions  of  the  manganese  are 
liable  to  remain  unabsorbed  by  the  steel,  and  these 
form  manganese  ghost  lines  in  working,  and  hard  places 


expensive  metal  ;  in  fact  the  sa\ing  soon  pays  for  the 
cost  of  the  furnace,  and  the  steel  product  is  of  higher 
value.  These  small  furnaces  have  a  capacity  of  10  cwt. 
and  will  deliver  molten  ferro-manganese  at  the  rate  of 
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Fig.   12. — lo-cwt.  electric  furnace. 


which  appear  in  machining.     Ferro-manganese  can  be       400  lb.   per  hour.     The  current  consumption  is   1,000 


melted  in  the  small  furnace  (Fig.  12)  which  has  been 
specially  designed  for  tliis  purpose,  and  in  which  the 
manganese  loss  is  not  more  than  5  per  cent.     There  is 


kilowatt-hours  per  ton  of  ferro-manganese  delivered. 

Although  there  are  profitable  fields  for  small  furnaces, 
the   principal   technical   developments   will   take   place 


therefore   a   great   sa\ing  in   manganese,    wMch   is   an       in  larger  furnaces.     These  furnaces  may  be  used  either 
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for  the  complete  process  of  melting,  refining  and  alloying, 
or  may  be  run  in  conjunction  with  Bessemer  or  open- 
hearth  furnaces,  being  used  to  refine  the  cruder  metal 
from  those  furnaces.  In  this  case,  advantage  is  simply 
taken  of  a  feature  of  the  electric  furnace,  ^^z.  that  which 


of  heating  zones,  that  is,  a  greater  number  of  arcs. 
The  furnace  which  will  now  be  described  has  four  upper 
electrodes,  which  are  sufficient  for  furnaces  up  to  30 
tons'  capacity,  and  two  of  this  size  are  about  to  be 
started  up  on  the  Continent.      This  furnace  is  shown  in 
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Fig.   14. — 20-ton  4-phase  steel-refining  furnace  (plan). 


permits  of  working  under  a  non-oxidizing    atmosphere 
at  any  desired  temperature. 

As  previously  mentioned,  it  is  important  that  the 
heat  supphed  should  be  well  distributed  over  the  slag- 
metal  contact  area  in  order  to  ensure  that  the  chemical 
reactions  take  place  regularly  as  required.  These 
larger  furnaces,  consequently,  require  a  greater  number 


elevation  and  plan  in  Figs.  13  and  14.  The  furnace 
is  circular  in  plan,  and  the  masts  which  support  the 
electrode  carriages  are  distributed  round  the  furnace 
as  shown.  In  the  scheme  of  an  electric  furnace  it  is 
important  to  have  as  few  openings  as  possible,  and,  at 
the  same  time,  to  have  these  so  placed  that  every 
portion  of  the  hearth  can  be  surveyed  and  be  accessible 
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(or  any  ncccssan-  lining  repairs  between  the  heats. 
Three  dtwrs  are  sufhcient,  one  for  teeming  and  two  (or 
charging,  but  this  number  is  only  sufficient  if  the  doors 
are  correctly  placed  and  providing  tiiere  arc  no  obstruc- 
tions to  the  men  working  at  Uic  doors.  It  will  be  seen 
tliat  the  dispitsiuon  of  tlie  masts  is  such  that  all  the 
niixhamsra  is  well  clear  of  the  doorwa\-s.  The  motors, 
which   arc   the   mechanisms  nearest   to   the  doors,   are 
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Fig.  15. 


below  the  working  platform.  The  doors  must  be 
designed  to  be  always  free  to  move  and  to  form  a  good 
seal  when  dosed. 

The   electric   system   on   the   large   furnace   requires, 
(or   the   reasons  given,    four    e<jual   phases,    preferably 


three-phase  supply,  will  now  be  described.  The  four- 
phase  li\c-wire  svstcm  must  be  so  arranged  that  the 
current  through  the  hearth  will  be  a  niinimum,  and  this 
can  he  taken  as  the  current  in  one  phase,  so  tliat  when 
starting  the  furnace  one  full  arc  can  be  struck  inde- 
pendently of  the  other  three  upper  electrodes. 


Edb 
Fig.   :6. — Voltage  diagram. 

The  sj-stem  consists  of  three  single-phase  trans- 
(ormers,  arranged  as  in  Fig.  15,  with  the  primaries 
delta  connected,  and  the  secondaries  in  such  a  manner 
that,  (rom  the  terminals  of  two  transformers,  Y,  W,  S, 
and   R,  connections  are  made  to  the  upper  electrodes 


Fig.  17. — Current  diagram. 


with    rmlv    fTir    v.iriablr    resistance    in    each    phase    to 
!  l.ttion.     We     therefore     rcijiiirc 

I..   ,  'tu  ictum  through  the   hearth, 

tn  that   \Ur   f  >n   each   phase   i*  equal  to   the 

varying  rcumtai ..i.c  arc  plus  the  constant  resist- 
ance o(  the  hearth.     Tlie  arrangement,  as  used   for  a 


I,  2,  T,  and  ^  respectively  ;  and  (rom  the  centre  M  of 
the  third,  or  tra.ser  secondary  t«'  the  neutral  electrode, 
N,  beneath  the  hearth,  l-'rom  the  terminals  V  and  T 
o(  the  teaser,  connections  are  made  to  intermediate 
points  X  and  Z  respectively  on  the  other  two  or  mam 
transformers.     When     arcs    are    struck     licneath     the 
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electrodes  we  have  four  practically  independent  circuits. 
The  development  of  the  system  is  shown  clearly  in  the 
vector  diagram.  In  Fig.  i6  the  three  circles  have  radii 
corresponding  to  the  transforniation  ratios  of  the 
sections  of  the  secondaries  to  the  corresponding  pri- 
maries. If  we  consider  the  three  primary  windings 
to  be  equal,  then  the  radius  of  the  inner  circle  can 
represent  the  number  of  turns  in  the  sections  X  W  and 
Z  S,  the  intermediate  circle  the  turns  in  M  V  and  M  T, 
and  the  outer  circle  the  turns  in  X  Y  and  Z  R.  The 
vectors  E^b,  ^bc,  and  E^a  represent  the  directions  of 
the  voltages  across  the  respective  primary'  vsdndings. 
The  \'oltage  induced  between  No.  i  electrode  and  the 
neutral  is  equal  to  the  vector  sum  of  the  voltages  induced 
in  JI  \'  and  X  Y ;  so  that  if  we  mark  off  along  the  direc- 
tions Ejc  and  Eaj,  distances  E„v  and  Exy  corresponding 
to  the  turns  in  ]M  V  and  XY,  the  resultant  Ei  will 
represent   the   voltage   in    the   No.    i    electrode   phase. 


'WvVvAAA/VWN,  tIVAVvV./VVWV 

a  b     b  c 


c  a 


AAAAAAA  ,^A/V\AAAA  AAAAAAM 

Y     xL^^jv fv     k    It    a$  Iz      r 


0 


■*■ 


Fig.   i8. 

Similarly,  the  voltages  in  the  other  phases  are  represented 
by  the  vectors  E^,  Ej,  and  E^.  It  is  a  simple  matter 
to  proportion  the  windings  so  that  these  voltages  are 
all  equal,  but  it  is  necessary  when  equal  currents  are 
taken  through  each  of  the  electrodes,  as  is  the  case  in 
normal  working,  that  three  equal  currents  be  taken 
from  the  primary'  mains.  That  this  is  so  will  be  seen 
from  the  current  diagram   (Fig.    17). 

Neglecting  induction,  the  currents  in  the  electrodes 
can  be  assumed  to  be  in  the  direction  of  the  respective 
voltages,  so  that  we  redraw  the  voltage  vectors  obtained 
in  the  previous  diagram  and  assume  equal  currents 
in  the  electrodes.  The  winding  W  Y  is  under  the 
influence  of  the  currents  in  Nos.  i  and  2  electrodes. 
No.  I  electrode  influences  XY  turns,  and  No.  2  electrode 
influences  XW  turns,  so  that  if  we  mark  off,  along 
their  respective  directions,  distances  corresponding  to  the 
turns,  for  example,  I^y  and  I^u-,  and  then  take  the  vector 
difference,  I^j,  this  ■will  represent  the  ampere-tums  in 


W  Y,  and  therefore  in  the  primary  a  b.  Similarly, 
the  ampere-turns  in  c  a  are  represented  by  the  line 
!«.  Concerning  the  winding  TV,  the  current  in  MV 
is  equal  to  the  \-ector  suni  of  the  currents  in  electrodes 
Nos.  I  and  2,  and  the  current  in  M  T  is  equal  to  the 
sum  of  the  currents  in  Nos.  3  and  4,  so  that  if  we  mark 


Fig.  19. 

off  along  Ei  and  E2  the  intermediate  circle  distance, 
that  is  the  turns  in  MV,  and  then  take  the  resultant 
Ijiv,  this  will  represent  the  ampere-turns  in  MV. 
Similarly,  Ij,j  represents  the  ampere-tums  in  MT, 
and  the  vector  difference  Ij^  is  the  ampere-tums  across 
T  \',  and  therefore  in  the  primary  b  c.     As  we  assumed 
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Fig.  20. 

the  primary'  turns  to  be  equal,  the  hnes  lab,  ^bc.  and  lea 
will  represent  the  currents  in  the  primarj^  windings, 
and  the  sides  of  the  equilateral  triangle  constructed 
thereon,  Ii,  I2  and  I3,  are  the  currents  in  the  primary 
I  wires.  The  system  is  therefore  balanced  for  current 
and  pressure  under  normal  conditions  of  correct 
regulation. 
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An  electric  furnace  is.  however,  ine\-itably  and 
frequentlv  subjected  to  abnormal  conditions,  and  it  is 
of  importance  to  know  what  is  happening  to  the  current 
in  tlie  mains  when  the  luniace  is  working  under  the 
worst  conditions.  As  far  as  the  electrodes  are  concerned, 
the  worst  condition   is  when  one  arc  breaks,   as  is  so 


furnace  it  is  only  i  ampere  per  square  inch,  so  that  the 
drop  in  voltage  is  less  than  i  volt,  and  the  loss  of  energy- 
in  the  hearth  with  this  system  docs  not  exceed  0-3 
per  cent,  and  we  have  an  arrangement  which  gives 
four  independent  phases,  permitting  of  good  electrode 
regulation.     Careful  tests  l»a\e  been  made  on  a  trans- 


Fic.  21. 


often  the  case.  We  will  therefore  assume,  for  example, 
that  No.  3  phase  is  broken  as  in  Fig.  18.  In  tlie  vector 
diagram.  Fig.  19.  wc  have  the  directions  of  the  currents 
in  the  three  remaining  electrodes,  as  before,  and  we 
will  assume  that  the  three  currents  in  tliese  electrodes 
are  equal.  The  winding  W  Y  is,  as  before,  governed 
by  the  currents  in  Xos.  1  and  2  electrodes,  and  the 
ampcre-tunis  across  W  Y  are  represented  by  I«».  The 
winding  S  R  has  only  the  current  of  No.  4  electrode  and 
its  ampcrc-tums  are  therefore  represented  by  I„. 
For  the  teaser  winding  we  ha\e,  as  before,  I^iv  and 
I„,  ;  the  diflerence  lu  w«U  represent  the  ampere- 
turns  in  6  c,  so  that  we  have  the  currents  in  the  three 
primary-  lines  represented  by  the  sides  of  the  triangle 
1,,  I,,  and  Ij,  The  primary  s\-stem  is  not  balanced 
under  tliis  condition,  but  it  is  quite  tolerable.  Another 
extreme  case  is  when  one  of  the  transformers  has, 
for  Sfjmc  reason,  to  be  disconnected,  as  shown  in  Fig.  20. 
The  currents  in  the  primaries  under  tliis  condition  are 
represented  by  the  three  vectors  1,,  I„  and  I,  in  Fig.  21, 
and   it   will   be   allowed    that   this   is   satisfactor>'. 

It   has   been   previously    mentioned    that   practically 

all  eneTg>-   dissipated   in   the   hearth   is  so   much   loss, 

and  it  is  therefore  important  not  only  to  reduce  the 

i  ;i  minimum,  but  also  the  neutral  current. 

f  jur-phasc  system,  the  current  through 

!■.  the   vector  sum  of  the  currents  m   four 

.  and  tlus  is  approximately  equal  to  that  in 

one  oJ  them.     This  means  that  the  volume  of  current 

through  the  hearth  i».  say,  onc-<piartcr  the  arithmetical 

sum   of  that   m   the   whcjlc  of  tJic  electrodes.      In   the 

small    two-arc    furnace    the    current    density    is    about 

\    amperr«   i>er    square    inch  :    but    on    the    four-phase 


former  group  connected  up  on  this  s\-stem,  as  shown 
in  F'ig.  22.  The  electrodes  were  regulated  so  as  to 
give  as  nearly  as  possible  the  same  current,  and  then 
spot  readings  were  taken  on  the  ammeters  on  the 
primary'  side.  The  figures  given  in  the  diagram  are 
precentages  of  the  normal,  and  it  will  be  noticed  that 
the   \'ariations   from   tlxe   normal   are   less   than    i    per 
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cent,  and  tlie  current  in  the  neutral  is  5  per  cent  greater 
than   that  in   the  electrodes. 

An  interesting  point  in  connection  with  arc  furnaces 
is  now  the  subject  of  an  investigation,  viz.  the  nature 
of  an  arc  load.  As  is  well  known,  tlie  resistance  of  an 
arc  dccrea-scs  with  an  increase  in  current,  so  that  witli 
an  alternating  inii)rcsscd  voltage  tlie  specific  resistance 
is  at  a  nunimum  at  the  crest  of    the  wave  and  at  a 
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maximum  at  the  zero  line.  The  resistance  curve, 
therefore,  has  a  full  pulsation  for  each  half  wave  of 
the  fundamental  current,  and  is  at  a  maximum  at 
90°  from  the  maximum  of  the  fundamental.  This 
can    be    represented    as    follows  : — 

If  R  is  the  resistance  for  the  R.M.S.  value  of  the 
current,  and  K  the  factor  connecting  the  amplitudes 
of  the  two  curves,  then 

J'=R|  i  +  Ksin  (go—2u)t)} 
=  R(i  +  Kcos2w/) 

r     R(i  +  Kcos2wi) 
E 

[(2  — K)  sin  w!^— Ksin  3  w/l. 


2R(r-K) 

Both  second  and  third  harmonics  occur,  but  if  we 
develop  the  third,  for  example,  in  a  Scott-connected 
group,  we  find  that  the  harmonics  are  out  of  phase 
with  two  of  the  fundamentals,  which  is  due  to  the  fact 
that  in  such  a  group  two  of  the  third  harmonics  are  the 
resultants  of  two  third  harmonics  displaced  by  three 
right  angles,  which  brings  one  resultant  third  harmonic 


shows  the  capacities  of  transformers  which  must  be 
supplied  for  given  sizes  of  furnaces.  It  will  be  noticed 
tliat  the  capacity  of  the  transformer  required  per  ton 
decreases  as  the  size  of  the  furnace  increases.  This 
is  because  the  radiation  losses  are  proportionally  greater 
in  the  smaller  furnaces.  Also,  as  is  indicated  on  the 
same  diagram,  the  consumption  of  current  per  ton 
decreases  as  the  size  of  furnace  increases.  On  a  well- 
designed  furnace  the  power  factor  is  in  the  neighbourhood 
of  0-8,  but  it  is  necessary  to  have  a  large  reactance, 
say  10  per  cent  or  12  per  cent,  in  the  system  to  choke 
the  unavoidable  fluctuations  of  current  in  the  arc. 
From  the  electrical  standpoint  the  most  severe  trial 
to  which  the  plant  can  be  put  is  when  it  is  required  to 
melt  rough  cold  scrap,  and  when  working  on  this  duty 
momentary  overloads  of  from  50  per  cent  to  70  per  cent 
may  occur,  so  that  the  transformers  must  be  designed 
for  such  an  emergency.  The  load  factor  on  a  single 
furnace  working  night  and  da;'  is  about  35  per  cent, 
but  when  working  two  furnaces  it  is  50  per  cent,  which 
compares  favourably  with  other  loads  on  electric 
generating  stations.  It  is  unlikely  that  there  will  be 
much  decrease  in   the  consumption   of  current  in   the 


Fig. 


120°  out  of  phase  with  the  fundamental.  In  the 
development  of  any  transformer  system  for  arc  loads, 
the  effect  of  the  third  harmonic  must  be  taken  into 
account,  as  it  is  necessary  that  the  third  harmonics 
in  the  primary  should  be  as  nearly  as  possible  in  phase 
with  the  fundamentals  at  the  maximum,  so  that  the 
curves  will  not  be  too  unsymmetrical.  In  the  four- 
phase  system  we  ha^■e  third  harmonics  in  the  four 
secondaries,  and  it  is  a  simple  matter  to  develop  the 
harmonics  back  on  to  the  primary  lines  and  see  that 
they  are  almost  in  phase  with  the  primary  fundamentals. 
The  distortion  of  the  primary  voltage  waves  is  negligible. 
Dr.  Chapman  has  analysed  one  of  these  current  waves 
on  a  Scott  group  (Fig.  22)  and  finds  it  can  be  represented 
by  the  following  equation  : — 

i=  2-34  sin  a +  o- 202  sin  2  y-|-oi68sin  3  0 

-|-o-566cosW  — 043  cos  2  (J  — 017COS  3  6. 

This  oscillogram  shows  the  voltage-current  relationship, 
and  indicates  a  power  factor  of  about  o-8.  The  small 
27th  harmonics  on  the  voltage  curve  are  from  the 
transformer. 

Among  the  first  considerations  in  any  proposal  for 
installing  electric  furnaces  are  the  available  electric 
power  and  the  price  at  which  it  can  be  obtained.     Fig.  24 
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steel  furnace  of  the  future,  since  the  thermal  efficiency 
of  a  modern  plant  is  about  65  per  cent.  Improvements 
will  rather  tend  toward  mechanical  reliability  and  more 
durable  refractories,  especially  for  the  roof.  The 
metal  will  be  melted  in  large  plants  by  Bessemer  or 
open-hearth  processes  and  then  charged  into  electric 
furnaces  for  refining  and  alloying.  The  electric  furnace 
is  not  a  cheap  melter,  its  value  being  in  its  refining 
properties.  When  hot  crude  metal  is  charged  into 
the  electric  furnace  the  energy  and  time  required  for 
refining  is  about  one-third  of  that  required  for  melting 
and  refining,  so  that  a  furnace  charged  with  hot  metal 
has  three  times  the  capacity  of  one  charged  with  cold 
stock. 

With  respect  to  refractories,  the  electric  furnace  is 
practically  always  lined  with  a  basic  hearth,  which 
shows  it  up  to  great  advantage  in  desulphurizing.  The 
hearth  is  built  in  exactly  the  same  way  as  in  an  ordinary 
open-hearth  furnace,  so  there  is  no  need  to  deal  with 
it  here.  The  average  life  of  the  roof  is  100  heats,  melting 
and  refining,  or  about  400  working  hours.  During  the 
war,  when  the  cost  of  refractories  was  abnormally 
high,  it  was  found  that  the  average  total  refractories, 
including  periodic  relining,  amounted  to  less  than 
8s.    per   ton   of   metal   melted   and   refined. 

17 
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Electrodes. 

One  of  the  most  important  items  in  the  cost  of 
running  an  electric  furnace  is  that  of  electrodes,  not 
only  l>ecause  of  their  initial  cost  but  also  because  of 
the  time  lost  in  renewing  them.  In  the  reduction 
furnace  the  eIcctro<ies  are  embedded  in  the  loose  material. 
They  are  not  regulated  as  in  the  steel  furnace,  but  are 
simply  pushed  down  c\ery  two  or  tlirec  days  as  they 
burn  away.  Now  on  a  4.000-h.p.  furnace,  with  elec- 
trodes 28  inches  in  diameter  embedded,  say.  6  inches, 
the  area  exposed  to  the  material  is  about  1. 000  square 
inches.  When  passing  20,000  amperes  the  drop  between 
an  cli-ctriKlc  and  the  material  is  about  20  volts,  that 
IS.  the  contact  resistance  is  equal  to  0001  ohm.  Since, 
in   the   reduction    furnace,    it   is   desirable   to   have   as 


the  electrodes  of  120  volts.  This  would  mean  that, 
for  the  same  size  of  electrodes  and  the  same  current, 
there  would  be  50  per  cent  more  energi,-  delivered  to 
the  funiace.  Graphite  electrodes  will  work  at  a  density 
of  120  amperes  per  s<iuare  inch,  but,  unfortunately, 
they  ha\'e  not  been  made,  up  to  the  present,  more 
than  12  inches  in  diameter.  Electric  reduction  furnace 
builders  are  therefore  waiting  for  tlie  graphite  electrode 
manufacturers  to  turn  out  much  larger  electrodes. 

The  skin  effect  on  the  large  carbon  electrodes  is 
detrimental,  and  this  would  be  reduced  with  the  smaller 
graphites.  Also,  graphite  electrodes  will  allow  of 
smaller  holes  in  the  roof.  On  the  other  hand,  it  must 
be  taken  into  account  that  the  thermal  conductivity 
of  graphite  is  five  or  six  times  that  of  amorphous  carbon, 
whereas  it  has  only  three  times  the  electric  conductivity. 
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great  a  voltage  drop  V>etween  the  eleclrodes  as  possible, 
in  <irder  to  get  sufficient  energy  into  the  furnace,  and 
as  the  distance  between  them  cannot  be  increased 
conveniently,  the  only  way  >•>  increase  the  voltage 
IS  to  increase  the  drop  between  the  electrode  and  the 
material  ;  and  to  do  this  we  must  decrease  the  contact 
nurfacc,  that  is.  the  size  of  the  electrode.  In  the 
reduction  furnace  we  arc  therefore  confronted  with  the 
problem  of  requiring  an  electrode  which  has  a  greater 
conductivity  than  the  carbon  electrodes  now  being 
'•'"'  ^^  ■•<  to  reduce  the  contact  surface.  With  carbon 
when  working  at  ^o  amperes  per  square 
in'  '•   '■•>   ''      ■  .H-inrh  «ijre,   we  have  a  voltage  drop 

at  each  cN  20  vollii,  and  alniut  40  volts  in  the 

'•  'i   lilt   i;  ■  '■■   m.ilrrial,   K'^'inf!   a   total 

'■  voll».  .Ill  «lc-(.tr<«lc  wliii  h  would 

»oik  ai  120  am|>rrrs  j>cr  iKjiiare  inch,  the  diameters 
would  '»nly  l>c  al^mt  16  inrhc*.  and  the  contact  area 
alKiut  500  Mjuatr  indie*.  ui  that  the  elcctriKlc  contact 


sothat  the  drainage  of  heat  from  the  furnace  by  graphite 
is  twice  that  by  carbon  for  the  same  current-carrying 
capacity.  In  steel  furnaces,  where  the  resistance  is 
simply  the  single  arc,  the  surface  is  of  no  importance  ; 
the  determining  factor  is  the  cost  of  electrodes  per  ton 
of  steel. 

Conclusion. 

It  will  1)0  seen  that  both  the  electric  reduction  furnace 
and  the  steel-refining  furnace  present  interesting 
problems  f<ir  electrical  engineers,  and  that  a  fair  amount 
of  success  h.-is  attended  their  rflorts  to  solve  these 
problems.  Experience  h.as  shown  how  important  it  is 
that  engineers  should  fully  gr.tsp  the  re<|uiremcnts  of 
the  metallurgists,  and  be  fully  acquainted  with  the 
working  conditions  of  blast  furnaces  and  of  steel 
foundries. 


drop  would  be 


'».   giving  a  total   drop  between 


[The    discussion 
page  276.] 
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THE    BOOTH-HALL   ELECTRIC   FURNACE. 


By  W.  K.  Booth. 

[Paper  received  23  September,  1918,  and  read  at  a  Joint  Meeting  of  The  Institution  and  The  Iron  and  Steel 

Institute,  8  May,   1919.) 


The  principal  difference  between  the  various  makes 
of  electric  furnaces  is  the  method  in  which  the  power 
is  introduced  into  the  furnace.  The  general  metallurgical 
operations  of  practically  all  electric  arc  furnaces  are 
the  same.  The  method  of  power  regulation  and  bringing 
the  power  to  the  furnace  frequently  means  greater  or 
less  cost  in  furnace  operation  and  governs,  to  a  consider- 


Kain. 
•  electrodea 


Electrode' 
jaws 


■Rocker 


Longitudiaal  section 

Fig.   I. — Booth-Hall  two-phase  furnace. 

able  extent,  the  manner  in  which  the  furnace  lining 
may  be  put  in  and  consequently  the  refractory  cost 
and  the  loss  of  time  due  to  furnace  shut-downs. 

Electric  arc  furnaces  may  be  broadly  divided  into 
two    classes  ; — 

(i)  Vertical  arc  furnaces, 
(a)   conducting  hearth, 
(6)   non-conducting   hearth  ; 

(2)  Horizontal  arc  furnaces. 

It  is  not  the  purpose,  here,  to  enter  into  a  discussion 
of  the  merits  of  the  various  tj'pes  of  arc  furnaces,  but 
mere   particularl}-   to   describe   a   new   type   of   electric 


furnace  which  has  been  developed  during  the  last  year 
and  which  is  known  as  the  Booth-Hall  electric  furnace. 

The  Booth-Hall  electric  furnace  comes  under  class 
I  (a)  above,  and  is  illustrated  diagrammaticaUy  in 
Figs.  I  to  4. 

Fig.  I  is  a  longitudinal  section  of  the  two-phase  electric 
furnace  with  the  auxiliary  electrode  resting  upon  the 
charge  and  arcs  dra\\Ti  between  the  main  electrodes  and 
the  charge.  A  pool  of  metal  is  shown  forming  on  the 
hearth  of  the  furnace. 

Fig.  2  is  a  diagram  of  a  transverse  section  of  the  two- 
phase     electric    furnace,    showing    the    crossing    action 
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Fig.  2. — Booth-Hall  two-phase  furnace. 

of  the  current  in  the  bath  and  the  grids  embedded  in 
the  hearth. 

Fig.  3  is  a  diagrammatic  representation  of  the  elec- 
trical connections  for  the  two-phase  electric  furnace 
employing  two  single-phase  Scott-connected  trans- 
formers. This  diagram  shows  the  connections  from 
the  transformer  terminals  to  the  main  electrodes  and  to 
the  auxiliary  electrode  and  grids.  A  two-phase  electiic 
furnace  so  connected  gives  a  balanced  load  on  a  three- 
phase  power  service.  The  auxiliary  electrode  is  shown 
in  black. 

Fig.  4  shows  diagrammaticaUy  the  arrangement  of 
main  and  auxiliary  electrodes  in  single-,  two-,  and  three- 
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Hall    furnaces.     The   auxilian-   electrodes 
.1    black 
llii-   luniate   is  -.   two,   or   tlirce- 

pliase  to  S.UU  the  ■  ,  !ace  of  installation, 

the   general   prini  .:    a   lumace   havinp   a   solid 

hearth  which  bei.   ;  .luctivc  <j(  electricity   when 

hot.  and  the  use  of  an  auxiliary-  electrode  which  acts 
as  a  return  for  the  electric  current  until  tJie  hearth 
becomes    heated    and    conductive. 

1 1  J   furnace  I'jH-ration  on  a  cold  charge  the 

an\  iriidc  is  h.ucrcd   until  it  rests  on  top  of 

.e.  and  the  arc  is  then  drawn  between  the 
nd  the  main  electrodes  or  elcctrcKlc.  as  the 
case  may  be,  tlic  auxiliary-  acting  as  a  return  for 
the  main  electrode  or  electrodes.  The  auxiliary-  is  so 
arranged  that  it  presses  with  its  entire  weight  on  top 
of  the  charge  and  consequently  no  arc  can  form  under- 
neath the  auxiliar\- ;  and  experience  has  demonstrated 
that  no  arc  does  form.  The  auxiliarj-  is  connected 
in  parallel  with  the  conducting  hearth,  and  when  the 
main  electrodes  or  electrode  have  melted  enough  metal 


furnishing  large  areas  of  contact  with  the  material  of 
the  conducting  bottom,  jmd  preventing  k>cal  heating 
due    to   contact    resistance. 

By  the  use  of  the  auxiliary,-  electrode  a  positive  start 
of  the  furnace  is  guaranteed,  and  there  's  no  possibility 
of  failure  to  secure  contact.  Kach  main  electrode  is 
independent  of  the  other,  as  there  are  no  arcs  in  series, 
and  consequently  the  regulation  of  the  furnace  is  very 
j  simple,  gi\'ing  a  balanced  polj-pliase  load  on  the  power 
I  service  Unes.  As  with  the  two-phase  connection  there 
are  only  two  electrodes  to  regulate,  tliis  offers  the 
minimum  number  of  electrodes  for  a  balanced  poK-phase 
load,  and  the  smaller  the  number  of  electrodes  requiring 
regulation  the  smoother  bee  imes  the  furnace  operation. 


Single -phase 


Twophdje 


Fig.  3- — Klcctn<.al  conn<-.  tmns  cf  IJuolh  Hull  twophaso 
furnace. 


Tluee -phase 

Fig.  .4. — Diagrammatic  representation  of  electroda 

arrangement. 


to  form  a  pool  on  the  bottom  the  hearth  l>ocomcs  con- 
ductive  and   the   auxiIi;irA-  is  withdrawn   from   contact 
with   the  charge.      In    a    cold   furnace    the    auxiliary 
is  in  operation  from  30  to  45  minutes,  and,  in  a  furnace 
which  ia  hot.  less  that  15  minutes  ;    that  is,  only  long 
'    •         ^\ire  a  jxisilivc  start  of  the  furnace  and  a 
:  on  the  ]><iwer  company's  line. 
1  uii..>cc^  from  }  tun  to  6  tons'  hulding  capacity  are 
generally  built   for   two-phase  opcratum,   taking  i>ower 
fr'.ni   tliree-phasc  serxice  by  means  uf  Scott-connected 
tran.il'iimcrs,     a.i    Khown    diagrammatically    in    I'ig.    3. 
Id    the    hearth   <>l    the     Ikxjth-Hall    two-]ili;ise   electric 
<i,rt,:.. ..    i«,.   w,  iv   (,j    grids  arc  cmbeddetl,   wiiidi    are 
''■<1   from  each  other  and   arc  so  rc- 
i.ifi  t'.  ti.i   II. .1111  ck>ctrodes  that  the  current  of  the  two 
phase*  croM  in   the  bath,   tliii<i  giving  a  maximum  of 
■n  of  the  m</lt«m  metaj  and  causing,  in  con)unc- 
h     the    rOf.t    cf    the    iKittom    heating,    a    vrrv 
'.il  in  the  bath.    "This  a'i. 
1    I'Hiking   intf)   the    furn.i' < 
V    mrltr<l.      The  coiidiirting 
ii'<  (rcim  tlie  heated  interior 
lias  shown   that   they 
•I    icquire    special    cooling, 
as  to  handle  large  currenti. 


after  th< 
gnd»  art  ; 
ol    the   furnace, 
never    lieccinr    •• 
The  gnds  arc  to 


The  hearth  is  either  acid  or  basic,  as  desireil.  anil  in 
each  case  is  at  least  24  inches  (60  cm.)  in  thickness, 
being  sintered  in  place  layer  by  layer  and  fonning  a 
monolitliic  mass.  By  using  the  main  electrodes  in 
conjunction  witli  tlie  auxiUarA*,  the  materials  of  the 
hearth  arc  sintered  together  in  thin  layers  similar  to 
open-hearth  practice,  thus  funning  a  very  durable 
bottom  and  making  the  danger  of  run-outs  a  minimum. 
The  furnace  hearth  is  consecjnently  solid,  with  no  water 
cooling  of  any  kind.  With  the  basic  hearth,  dead 
bunie<l  dolonute  is  used  to  maintain  the  slag  line  ; 
in  the  acid  furnace,  ground  ganister  is  used  for  tlie  same 
pur]>ose.  The  conducting  hearth  gives  a  uniform 
bottom  heating  of  the  entire  bath,  prevents  sculls,  and 
makes  spce<licr  and  more  thorough  distribution  of 
the  heavier  alloys,  which  tend  to  sink  to  the  Nittom 
ol  the  bath  The  effect  of  this  iMittoni  heating  is  con- 
siilerablc.  and  h.is  been  accurately  mcasure<l  on  Booth- 
I  l.ill    iiirii.iies    in    continuous   operation. 

With  the  two-pha.se  elet  tnc  lumace  a  minimum  of 
electrode  consumption  is  secure*!,  due  to  the  (act  that 
a  minimum  nunil>er  of  electrodes  for  a  balanced  poly- 
plia.v?  lo,id  IS  used,  litis  means  fewer  electro<lcs  to  handle, 
less  electroilr  breakage,  and  less  surface  burning.  The 
IriM  on   the  auxiliary   clcctr(.Hla  is  small,   because  it  it 
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in  operation  for  such  a  comparati\'ely  short  time. 
The  electrode  jaws  are  made  so  that  the  electrodes  can 
be  gripped  or  released  by  turning  a  handwiieel  or  Ie^'er 
at  the  side  of  the  furnace,  and  it  is  not  therefore  neces- 
sary for  the  melter  to  climb  on  top  of  his  furnace  when 
changing  the  grip  on  the  electrodes.  The  electrode 
jaws  are  arranged  in  segments  so  as  to  take  up  and 
adjust  themselves  to  the  inaccuracies  in  the  surface 
of  the  electrodes. 

A  roomj"-  charging  door  of  special  construction  is 
provided  in  the  rear  of  the  furnace,  and  another  door 
in  front  o\-er  the  tap.  This  construction  is  verj'  similar 
to  the  open  hearth,  and  permits  a  battery  of  furnaces 
to  be  arranged  side  by  side  and  a  charging  machine 
to  serve  them  all.  The  furnace  tilts  or  rocks  back- 
ward as  well  as  forivard,  and  slagging  operations  can 
be  handled  from  either  the  rear  or  the  front  as  desired. 
The  door  is  sho\vn  in  the  photographs  exhibited.  It 
is  designed  so  that  it  comes  flush  against  the  door 
frame,  sealing  the  opening,  and  cannot  swing  open  of 
its  own  accord.  This  prevents  air  getting  into  the 
furnace  and  also  prevents  excessive  losses  of  heat 
through  the  door.  The  door  can  be  opened  anj-where 
from  a  few  inches  to  full  open  when  inspecting  the  bath, 
taking  tests,  or  pushing  scrap  from  the  sides  of  the 
furnace  into  the  bath,  thus  protecting  the  melter  from 
the  heat  of  the  furnace  and  preventing  great  radiation 
loss.  Any  warping  of  the  door  or  frame  does  not 
affect  the  operation  of  the  door  or  its  sealing  of  the 
opening   when   closed. 

The  furnace  is  motor  tilted,  in  all  sizes,  for  pouring, 
but  is  arranged  so   that  it  can  be  tilted   by  hand   in 


emergency  if  the  motor  fails  to  operate.  The  smaller 
sizes  of  furnace  are  built  for  hand  operation  onlv,  if 
desired.  All  parts  of  the  tilting  mechanism',  including 
gears  and  motors,  are  arranged  so  that  they  do  not 
conie  beneath  the  furnace  and  therefore  there  is  nothing 
under  the  furnace  that  can  be  injured  in  case  of  a  run-out. 

The  main  electrodes  are  arranged  for  automatic 
regulation  and  also,  in  every  case,  so  that  they  can  be 
regulated  by  hand  in  case  the  regulators  or  motors 
should   require   repair. 

The  importance  of  power  control  is  universally 
recognized,  especialh^  when  refining  operations  are 
carried  on.  In  the  Booth-Hall  electric  furnace  the 
power  input  can  be  maintained  at  any  point  from  one- 
fourth  to  full  load  by  means  of  proper  \  oltage  reduction 
and   control   switches. 

In  making  steel  for  the  ordinary  grade  of  steel  castings, 
the  Booth-Hall  electric  furnace  has  operated  with  a 
power  consumption  as  low  as  446  kilowatt-hours  per 
2,000  lb.  (906  kg.)  of  steel  poured,  but  the  average 
will  be  between  500  and  550  kilowatt-hours  per  net 
ton  for  continuous  operation.  In  one  of  the  4-ton 
furnaces  a  considerable  quantity  of  low  phosphorous 
pig  iron  has  been  made,  running  over  0035  per  cent  in 
phosphorus  and  sulphur,  also  special  steels  requiring 
refining  with  two  or  more  slags,  the  power  consumption, 
of  course,  depending  upon  the  degree  of  refining 
required. 


[The    discussion    on    this    paper    will    be    found    on 
page  276.] 
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APPLICATION  OF  ELECTRICAL    ENERGY  TO   THE  MELTING  OF  METALS. 

By  H.  A.  Greaves. 

[Paftr  rtcthed  1 1  April,  and  read  at  a  Joint  Meeting  of  The  Institution  and  The  Iron  and  Steel  Institute. 

8   May,  1919.) 


The  conversion  of  elccincal  energy  into  heat  presents 
a  number  of  problems  difJering  completely  from  those 
connected  with  the  production  of  heat  by  the  usual 
combustion  processes,  and  owing  to  the  almost  un- 
hmited  temperatures  obtainable  electrically,  and  the 
absence  of  combustion  products,  a  new  field  of  develop- 
ment has  been  opwned  up  to  engineers  and  metallurgists. 

The  generation  of  heat  electrically  is  almost  entirely 
carried  out  by  passing  a  current  of  electricity  through 
suitable  material.  As  everyone  knows,  when  a  current 
of  electricity  is  transmitted  by  any  substance  a  certain 
amount  of  heat  is  generated  in  the  substance,  depending 
mainly  on  the  electrical  resistance  of  the  material  and 
the  current  flowing. 
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Owing  to  the  comparatively  low  electrical  resistance 
of  most  metab,  it  is  not  feasible,  when  melting  metal 
in  bulk,  to  increase  the  current  to  such  a  value  that 
the  metal  reaches  a  melting  temperature  by  its  resist- 
ance hna  only,  except  in  furnaces  of  the  induction 
type. 

The  induction  furnace  melts  the  metal  by  resistance 
of  the  (liarge.  and  the  enormous  currents  necessary 
arc  obtained  by  arranging  the  charge  in  the  form  of 
a  ring  round  the  iron  core  of  a  transformer.  This 
type  of  furnace  iR  not  commercially  satisfactory,  owing 
to— 

ti)  The  loM  in  cflficicncy  caused  by  the  metal  being 
rm  of  a  ring,  and  therefore  extremely  high 
1  ■  1  fjccur. 

{t)  "  I'lnch  "  effect,  or  the  bre.iking  of  the  circuit 
il  the  current  exceed*  a  certain  \aluc,  this  effect  being 
due   to   the    mutual   attrattun   of   parallel   conductors. 

(3)  The  elcctrica)  conditions  of  the  induction  furnace 


are  unsuited  to  normal  power-supply  circuits  ;  a  bad 
power  factor  is  obtained,  very  low  frequency  is  required, 
and  the  furnaces  are  usually  designed  to  operate  on 
single-phase  supply  only. 

It  is  necessary,  therefore,  to  use  for  the  generation 
of  heat  a  resistant  material  other  than  the  metal  to 
be  melted,  and  the  electric  arc,  which  is  a  column  of 
gas  or  vapour  through  which  a  current  of  electricity 
is  passing,  pro\-ides  a  ready  and  efficient  method  of 
generating  a  very  intense  heat  in  a  small  space. 

The  most  efficient  method  of  utilizing  the  heat  of 
the  electric  arc  is  obviously  to  make  the  material  to  be 
melted  one  pole  of  the  circuit,  or,  at  any  rate,  part  of 
the  circuit,  in  order  that  the  arc  may  be  in  direct  contact 
with  the  metal.  The  first  furnace  using  the  electric 
arc  was  designed  with  the  container  as  one  pole  of  the 
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circuit,  and  a  carbon  electrode  over  the  metal  as  the 
other  pole  of  the  circuit. 

In  order  to  use  a  higher  voltage  and  obtain  a  letter 
distribution  of  heat,  a  furnace  was  designed  witli  two 
carbon  electrodes  over  the  charge,  the  current  ptassing 
from  one  electrode  to  the  charge,  and  from  the  charge 
to  the  other  electrode,  sniRle-pliase  current  being  used, 
as  shown  diagrammatically  in   l-'ig.    1. 

In  order  to  utilize  three-phase  currents,  a  third  elec- 
trode was  arranged  over  the  charge,  as  in  Fig.  2  ; 
furnaces  of  this  kind  have  been  very  largely  adopted 
in  connection  with  steel  furnace  practice,  and  still 
form  a  considcral)lc  proixirtion  of  the  furnaces  in 
operation  at  the  present  time. 

Without  in  any  way  attempting  to  deprecate  the 
extensive  pioneer  work  carried  out  by  furnaces  of  thia 
type,  there  arc  several   inlierent  disadvantages,    vix. — 

(1)  The  electrode  currents  are  not  independent  of 
each  other. 
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(2)  The  heat  is  appUed  to  the  surface  of  the  charge 
only,  and  ver)'  little  circulation  of  metal  is  caused. 

With  regard  to  (i),  it  will  be  seen  that  if  one  electrode 
dips  into  the  charge,  or  is  being  driven  down  into  the 
charge  by  automatic  regulation,  while  the  other  elec- 
trodes are  clear,  no  current  passes  and  the  electrode 
or  electrode-operating  gear  is  liable  to  be  broken  while 
a  molten  charge  of  steel  takes  up  carbon  from  the 
electrode  and  upsets  the  analysis.     Many  devices  have 


Fig.  3. 

been  introduced  to  overcome  these  objections,  but  it 
is  well  known  that  most  users  experience  difficulties 
of  this  kind,  and  particularly  so  when  the  furnace  has 
an  acid  or  non-conductive  lining. 

With  regard  to  (2),  it  will  be  generally  acknowledged 
that  it  is  more  efficient  to  boil  water  by  applying  a 
gas  burner  below  the  water  than  on  the  top  surface 
only,  as  very  little  circulation  of  water  will  result  in 
the  latter   case.     This   applies   also  in  the   case  of  an 


OwVVSV^^^^rt>^W« 


Fig. 


electric  furnace,  and  it  is  a  great  advantage  to  introduce 
a  method  of  causing  the  metal  to  circulate  freely. 

This  circulation  can  be  effected  by  making  the  hearth 
of  the  furnace  fairly  thick  and  passing  a  considerable 
current  through  it  by  using  it  as  one  electrode  ;  it  is 
possible  in  practice  to  apply  from  8  to  10  per  cent  of 
the  total  energy  supplied  to  the  furnace  in  the  hesirth 
alone,  by  using  a  mixture  of  magnesite  and  dolomite 
and  grading  it  to  give  the  highest  resistances  near 
the    charge    and    a    negligible    resistance    towards    the 


outside.  Such  a  hearth  is  as  strong  and  permanent 
as  any  basic  hearth  that  can  be  made. 

Some  years  ago,  in  collaboration  with  Mr.  Etchells, 
the  author  discovered  an  electrical  law  which  enables 
three-phase  or  two-phase  current  to  be  applied  to  a 
furnace  with  an  unequal  resistance  in  one  of  the  phases 
and  still  maintain  a  truly  balanced  load  as  regards  both 
power  and  power  factor  on  the  primary  phases.  The 
connections  of  such  a  furnace  are  shown  for  three-phase 
and  two-phase  working  in  Figs.  3  and  4  respectively, 
the  length  of  O  C  being  determined  by  the  resistance 
of  the  furnace  hearth. 

In  passing,  it  may  be  of  interest  to  electrical  engineers 
to  know  that  an  arrangement,  as  shown  in  Fig.  5,  with 
an  unequal  primary  star  and  an  unequal  secondary 
delta  connected  to  the  furnace  will  give  a  truly  balanced 
primary  load  when  the  two  electrodes  are  carrying 
equal  currents,  the  transformer  ratios  varj-ing  according 
to  the  relative  resistance  of  the  furnace  hearth  to  that 


Fig.  5. 

of  one  of  the  arcs.  The  author  purposely  avoids  giving 
mathematical  treatment  of  these  rather  curious  elec- 
trical combinations,  as  they  would  not  interest  many 
of  the  members. 

It  will  readily  be  seen  that  with  the  systems  shown 
in  Figs.  3,  4,  and  5,  each  electrode  is  independent  and 
regulation  of  the  electrodes,  either  automatically  or 
by  hand,  is  perfectly  simple,  while  the  heat  generated 
in  the  hearth  of  the  furnace  maintains  the  metal  in 
constant  circulation.  These  systems  also  give  an  ex- 
tremely steady  load  on  the  primarj'  phases,  due  to  the 
buffer  effect  of  the  resistive  hearth  and  the  phase  dis- 
placement caused  by  short-circuit  currents. 

Up  till  recently  furnaces  of  the  bottom-connection 
type  have  not  been  operated  with  an  acid  lining,  as 
such  a  lining  is  considered  to  be  non-conductive,  although 
one  furnace  is  made  with  a  water-cooled  stud  in  the 
hearth  to  maintain  contact  with  the  charge.  Water- 
cooling  in  the  hearth  of  an  electric  furnace  is  surely 
a  dangerous  and  inefficient  makeshift,  and  the  author 
is  pleased  to  say  that  after  some  little  investigation 
a  conductive  acid  lining  has  been  discovered  which  has 
operated  satisfactorily  for  some  months  ;  this  inven- 
tion, full  particulars  of  which,  unfortunately,  he  is 
unable   to  give   at  present,   will  also  solve   the   main 
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difficulties  in   regulating   top  electrode   furnaces  when 
operating  "  acid." 

A  number  of  furnaces  liavc  been  built  where  the 
full  load  of  the  transformers  cannot  l-w  obtained  owing 
to  tlie  drop  in  power  factor  with  an  increase  of  current, 
and   It  has  been  found  in   practice  that  the  full-load 


effect  being  necessary  of  couise  when  the  metal  is 
molten  and  alloy  additions  are  being  made  to  the  bath. 
There  are  seveial  types  of  electric  funiace  which. 
o{>crate  with  an  independent  arc,  that  is  to  say,  an 
arc  is  formed  between  the  carbon  electrodes,  and  the 
charge  does  not  form  part  of  the  circuit.     These  types 


Fig.  6. 


f  V-  on  a  50-period  circuit  should  not 

I  -  o  amjxTes. 

For  furnaces  of  5  tons'  capacity  with  transformers 
of  1.300  k.v.a.,  two-electrode  furnaces  are  satisfactorj', 
but  above  that  size  three  or,  preferably,  four  electrodes 
should  be  used.  Figs.  6,  7,  and  8  show  three  combina- 
tions of  the  transformer  sv-stem  illustrated  in  Fig.  3, 
E,  E,  E,  E  representing  the   four   upper  electrodes   and 


are  not  efficient  for  steel  melting,  the  output,  energy 
and  electrode  consumptions,  and  lining  repairs  com- 
paring-very  unfavourably  with  the  direct  arc  furnaces. 
For  melting  certain  metals,  however,  such  as  bronze 
or  copper  the  indirect  arc  furnace  has  certain  advan- 
tages, particularly  when  melting  metals  wliich  are 
volatile  at  comparatively  low  temperatures.  In  such 
a   case   to  employ   a   direct   arc    furnace   would   result 


Fig.  7. 


H  th»-  hearth      In   Fig.  6  the  current  transmitted  by 
'■  electrr>des  are  in  equal  adjustment 
V  •  ly  07  times  the  sum  of  the  currents 

in  the  lour  electrcrtles  ;  in  I'ig.  7  the  current  trans- 
mitte<l  by  the  hearth  will  be  nil,  and  in  Fig.  8  it  will 
be  apj  roximately  035  times  the  sum  of  the  currents 
in  the  four  electrodes. 

It    in   general   practice   to   provide   tappings   on    tlic 


in  a  very  high  loss  due  to  volatilization  on  account 
(if  the  very  hot  region  of  the  are  being  actually  in  con- 
tact with  the  metal. 

Uy  employing  an  indirect  arc  furnace  this  effect 
is  somewhat  reduced,  but  special  means  for  cooling 
the  walls  of  the  furnace  must  be  resorted  to  in  order 
to  jjrevcnt  the  refractories  from  fusing  at  too  liigh 
a  rale  and  thus  render  the  cost  of  running  prohibitiN'C. 


Fio.  8. 


pnmary  winding*  of  the  transformers  in  order  to  vary 

' ''v  cine   voltage   for   melting,   one   for 

'  'T  lii<l(ling  the  metal  at  a  constant 

,       ■    -wtore, 

li    to 

K    rltn  t 

:    ■        ■  n  ulatwig 


The  reason  for  this  is  that  the  rays  of  intense  heat 
froni  the  arc  sinko  directly  on  the  walls,  wlirreas  in 
the  direct  arc  fiinince  tlie  intense  heat  is  more  or  less 
hhirldeil  liy  l)oinp  ]).Trtly  buried  in  a  cmter  of  slag  or 
mrt.il,  which  in.itcrial,  in  addition  to  acting  as  a  shutter, 
alwi  rapidly  convoys  the  lieat  away. 

Til  render  the  ilidiirct  an   (iiiii.-ice  .i  niure  CDiiiinrrcial 
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proposition,  the  U.S.A.  Bureau  of  Mines  have  adopted 
a  method  of  rocking  the  furnace  in  such  a  manner 
that  the  molten  charge  is  constantly  washing  the  walls 
of  the  furnace  and  thus  the  lining  is  kept  comparatively 
cool.  In  addition  to  this  cooling  effect,  the  washing 
of  the  metal  has  a  tendency  to  absorb  some  of  the 
metal  which  may  have'  been  driven  off  as  a  vapour  ; 
also  the  charge  is  kept  well  stirred,  which  results  in 
a  very  uniform  product. 

For  many  kinds  of  work  the  arc  furnace  is  quite 
unsuitable,  such  as  reheating,  annealing  or  melting 
of  metals  which  have  low  melting  temperature,  and 
even  with  high  melting  temperature,  when  the  quantitj- 
is  small. 

For  such  work  the  resistance  furnace  is  the  best 
t}'pe  that  can  be  emploj-ed  ;  but  where  the  temperature 
to  be  attained  is  above  i,ooo°  C,  the  difficulties  to  be 
met  with  are  very  numerous. 

For  temperatures  below  this  figure,  probably  the  best 
element  is  that  made  from  an  alloy  of  nickel  chromium  ; 
but  for  temperatures  above  i,ooo°  C,  it  is  necessary  to 
resort  to  other  materials. 

In  the  Baily  furnace  a  trough  constructed  of  a  highly 
refractor)'  material,  such  as  silicon-carbide,  is  built  on 
the  inside  wall  of  the  furnace.  The  trough  is  filled 
with  a  carbonaceous  material  which  forms  the  resistor. 
The  heat  from  the  material  usually  travels  in  an  up- 
ward direction  and  impinges  on  the  roof  of  the  furnace 
which  acts  as  a  reflector  and  reflects  the  heat  down 
on  to  the  charge.  This  seems  a  roundabout  method 
of  heating  and  is  calculated  to  punish  the  roof  materials 
unduly.  In  addition  to  this  drawback  the  carbon  of  j 
the  resistor  oxidizes  very  readily,  consequently  requires 
frequent  renewal,  and  thus  leads  to  the  trough  being 
gradually  filled  with  residue  or  ash  from  the  carbona- 
ceous material,  which  means  periodically  shutting  down 
for  cleaning. 

By  constant  efiort  to  improve  the  resistor  type  of 
furnace   a   method   of   construction   has   been   brought 


out  to  overcome  some  of  the  previous  difficulties  and 
improve  the  efficiency  of  the  furnace.  The  method 
consists  in  forming  a  hearth  or  crucible,  which  acts 
as  the  container  for  the  bath  of  metal,  the  depth  of 
the  bath  being  relatively  small  compared  with  the 
surface  area  of  the  bath.  The  resistor  element,  or 
elements  if  more  than  one  is  required,  are  arranged 
suspended  above  the  bath  but  as  close  to  the  metal 
as  possible,  only  sufficient  distance  as  may  be  required 
for  stirring  or  charging  being  allowed.  The  heat  gener- 
ated is  transmitted  to  the  charge  mainly  by  direct 
radiation. 

The  heating  element  is  made  of  a  highly  refractory 
material,  and  yet  not  readily  o.xidizable  at  high  tem- 
peratures, nor  yet  does  the  material  disassociate  until 
an   exceedingh-   high   temperature   has    been    attained. 

The  element  itself  is  built  up  of  a  number  of  sections 
dovetailed  into  one  another  and  held  in  suspension 
by  pressure  exercised  at  the  ends  of  the  resistor,  the 
amount  of  pressure  used  actually  being  greater  than 
that  necessary  to  support  the  element ;  but  as  the 
resistance  of  the  element  to  a  certain  extent  depends 
upon  the  pressure,  a  margin  of  variation  is  allowed 
for. 

This  tj'pe  of  element  requires  no  booster  transformer 
or  any  expensive  voltage-changing  device  such  as  is 
employed  in  most  resistive  types  of  furnace,  the  amount 
of  energj'  being  readily  varied  by  pressure  appHed 
to  the  heater  unit  in  a  manner  external  to  the 
furnace. 

Another  feature  of  the  furnace  is  that  the  elements 
are  renewable  even  while  the  furnace  is  hot. 

The  construction  is  such  as  to  make  the  furnace 
gastight,  which  results  in  an  absolute  minimum  of 
zinc  loss   when  employed  on  brass  melting. 


[The    discussion    on    this    paper   will    be    found    on 
page  276.] 
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Introductory. 

In  pri-paring  this  short  paper  which  deals  chiefly 
with  the  oj>cration  and  output  of  the  various  tjiJes 
of  furnaces  under  actual  working  conditions,  the  author 
wishes  at  the  outset  to  make  it  clear  that  wliile  he  is 
anxious  to  render  the  data  given  as  intelligible  as 
possible,  he  obviously  cannot  give  the  names  of  the 
users  :  so,  in  the  tables  given  below,  the  furnaces  are 
all  numbered  and  will  doubtless  be  recognized  by  their 
rcspi-ctive  owners.  Furthermore,  he  cannot,  in  his 
present  position,  show  in  these  tables  the  makers' 
names.  The  data  given  will,  however,  show  users 
whose  furnaces  are  not  operating  as  well  as  they  may 
wish,  what  their  performance  and  output  should 
actually  be. 

The  author's  main  object  is  to  give  any  information 
possible  which  may  tend  to  increase  the  general  effi- 
ciency  of   electric   steel    furnaces   in   this   country. 

There  are  installe<l  or  being  installed  141  electric 
furnaces  with  a  total  capacity  of  112,000  k.v.a.  Of 
these,  24  are  or  will  be  used  for  Swedish  substitute, 
cupro  nickel,  allundum,  manganese  copper,  and  ferro 
allo\-s. 

The  remaining  117  are  electric  steel  furnaces  having 
a  total  charging  and  k.v.a.  capacity  of  384  tons  and 
98,769  k.v.a.  respectively,  and  a  total  nominal  output 
of  31.170  tons  jx-r  month,  based  on  5  days  a  week, 
4  weeks  per  month. 

Assuming  that  all  these  furnaces  arc  working  at 
full  load,  the  total  nominal  output  at  the  end  of  a  year 
would  be  405.000  tons.  It  has  to  be  borne  in  mind, 
however,  tliat  some  furnaces  only  work  on  day  shift, 
others  arc  shut  down  or  not  yet  installeil,  and  all  those 
in  commission  have  dela)'s  due  to  furnace  or  electrical 
troubles  and  shop  conditionx.  These  delays  were  in 
ni.iny  cases  very  frequent  and  serious  and  are  referred 
tn  l»olow. 

Electric  steel  furnaces  are  used  for  steel  castings 
and  ingots,  and  the  following  tables  give  particulars 
of  each  and  the  total  number,  capacity,  etc.,  of  each 
type  of  furnace. 

It  wiH  l)c  noted  that  the  Hdroult  furnace  (which 
W.1J1  first  in  the  field)  head.-*  the  list  so  far  as  numlwr 
of    f'lrnateii   and   capacity   are   concerned. 

'''  I  I-  !r.,.Metal.H  furnace  whi<.h  shows  the  ne.\l 
'■  ■  •  -   rnrr\f  on   the  market   later. 

1''  ' '.     which    was    produced    sfinie 

*'"""  M<taU,  comes  third  on  the  list, 

and  the  M..tiic;  luttwur,  which  comes  fourth  on  the 
Imt,  ha.1  only  coni]Mrittivcly  recently  been  offered  to 
the  steel  trade. 

The  Snyder  furnace    which  it  tivd  for  making  acid 


steel,  has  to  rely  largely  on  the  steel  maker's  require- 
ments as  to  whether  he  wants  to  make  acid  or  basic 
steel. 

The  two  furnaces  marked  "  Special  "  were  made  by 
the  user. 

Table   i. 
Electric  Steel  Furnaces  in  the  United  Kingdom, 


1 

Nominal 

Make 

Numtrr  cf 

Totil 

Tout 

tons 

1    fumuct 

tons,  iiK 

k.v... 

output  per 

noatfa 

Electro-Metals 

i? 

73 

20,274 

6.7'40 

Greaves-Etchells 

26 

64  i 

18.830 

3.680 

H6roult 

•45 

180} 

•«3."o 

13.760 

Rennerfelt 

7 

1.895 

-50 

Snyder 

9* 

3.'50 

t,200 

Special 

2 

750 

380 

Stassano 

2 

600 

240 

Stobie 

45i 

10,050 

3,600 

Total  .. 

•1     "' 

384 

98.769 

3«.»5o 

The  nominal  output  in  tons  per  month  is  based  on 
5  days  a  week.  4  weeks  a  month,  and  the  rated  charging 
capacity  of  the  furnace. 

Table  2. — Castings. 
Electric  Furnaces  for  Castings  {Installed). 


1 
Number 

Tnm  ou 

Iputpv 

M..kt 

o( 

Too., 

ToUl 

iui- 

»IM 

k.v.a. 

D.C<. 

Nomlnil 

Acluil 

Electro-Metals  . 

13 

>5i 

8.139 

a, 900 

^^_ 

Greaves -Etchclli 

>          4 

7 

2,030 

700 

— 

H^roult 

16 

4.»50 

1.560 

— . 

Kcnncrfcit 

.Si 

1. 100 

4  to 

— 

Snyder    .  . 

'4 

3- '  50 

l.JOO 

— 

Special    . . 

a 

750 

280 

— 

Stassano 

2 

600 

240 

— 

Stoliic     . . 

1 

5 

800 

400 

— 

lolal 


37  7^1       20,739  I      7.720  j     3.019 


It  will  be  noted,  however,  especially  in  the  case  of 
0-t'in  furnaces,  that  the  actual  charge  is  in  most  cases 
greater  than  the  rated  charge.  This  is  more  fully 
dealt  with  later. 

The   actual   output  giving   the    best   month's  output 
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Table  2a. 
Electric  Furnaces  for  Castings  {to  be  Installed), 


Maks 

Number 
oj 
fur- 
naces 

Tons, 
size 

k.v.«. 

Tons  output  per 
month 

Nominal 

Actual 

Electro-Metals  . . 

I 

2 

800 

280 

— 

Greaves  -  Etchells 

4 

17 

5.450 

1,260 

— 

Hdroult 

4 

lOj 

2,700 

980 

— 

Stobie     . . 

2 

i3i 

3.250 

600 

— 

Total . . 

u 

44 
Il6i 

12,200 

3,120 

say 
2,028 

Grand  total   . . 

43 

32.939 

10,840 

7.047 

Table  3. — Ingots. 
Electric  Furnaces  for  Ingots  (Installed). 


Make 

Number 
of 
fur- 
naces 

Tons, 
size 

k,v.a. 

Tons  output  prj- 
month 

Nominal 

Actual 

Electro-Metals  . . 

12 

39i 

10,335 

3.200 

— 

Greaves  -  Etchells 

10 

I4i 

4.710 

1.570 

— 

H^roult 

32 

HH 

34.920 

10,720 

— 

Rennerfelt 

Z 

2 

600 

240 

— 

Stobie     . . 

I 

12 

3,000 

800 

— 

Total 

55 

217 

53.565 

16,530 

12,906 

Table  3A. 

To  be  Installed. 


Make 

Number 
of 
fur- 
naces 

Tons, 
size 

k.v.a. 

Tons  output  per 
month 

Nominal 

Actual 

Electro-Metals  . . 

I 

5 

1,000 

360 

Greaves  -  Etchells 

4 

22 

4.900 

1.650              — 

H^roult  . . 

I 

3i 

750 

2S0              — 

Stobie     . . 

I 

15 

3.000 

800              — 

Total 

7 

44i 

9,650 

say 
3,090        2,410 

of  each  furnace  is  purposely  taken,  and  is  65  per  cent 
of   the   nominal   output   (see  Table  2). 

Assuming  that  the  furnaces  to  be  installed  have  an 
actual  output  of  65  per  cent  in  Table  2,  the  actual 


output  per  month  would  be  2,028  tons,  making  a  total 
of  7,047  tons  per  month,  or  91,637  tons  in  the  ladle 
per  annum,  for  castings,  against  a  total  nominal  output 
of  140,920  tons  per  annum.  It  will  be  readily  seen 
from  the  above  figures  that  the  furnaces  are  mostly 
working  on  day  shift  (see   Table  2a). 

The  actual  output  is  purposely  taken  from  the  best 
month's  output  of  each  furnace,  and  is  78  per  cent 
of  the  nominal  output  (see  Table  3). 

Assuming  these  had  a  ratio  of  78  per  cent  actual 
to  nominal  output  as  above,  the  actual  output  would 
be  2,410  tons  per  month  (see  Table  3A). 

These  furnaces  represent  those  sanctioned  by  the 
Ministry  of  Munitions  of  War  and  do  not  include  those 
ordered  since  November  1918,  after  which  date  sanction 
was   not   required. 

Table  33. 
Furnaces  {not  Working)  November  191 8. 


Make 

Number 

of 

fui- 

naces 

Tons, 
size 

k.v.a. 

Tons  output  per 
month 

Nominal 

Actual 

Greaves -Etchells 
HSroult  . . 
Rennerfelt 

4 

I 
I 

3i 
i 

1,720 
700 

5 

500 

220 

70 

— 

Total 

6 

6J 

2,615 

790 

say 
716 

The  actual  output  would  be  716  tons  per  month  on 
the  above  assumption. 

Table  3c. 
Furnaces  for  Castings  and  Ingots. 


Class  of  steel 

Number 
of 
fur- 
naces 

Tons, 

size 

k.v.a. 

Tons  output  per 
mouth 

Nominal 

Actual 

Ingots     .  . 
Castings.. 

69 
48 

267i 
116} 

65,830 
32.939 

20,410 
10,840 

16,032 
7.049 

Grand  total . . 

117 

384 

98,769 

31.250 

23,081 

These  figures  go  to  show  that,  on  the  above  assumption, 
we  have  in  this  country  furnaces  capable  of  producing 
a  total  possible  output  of  over  300,000  tons  of  electric 
steel  per  annum  with  98,769  k.v.a.  behind  them. 

Taking  the  average  output  per  month  over  a  period 
of  time  we  get  verj'  different  results,  as  follows  : — 


Nominal 


Actual 


Castings 
Ingots     . 


46  per  cent 
59  per  cent 
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Table  4. 
Nominal  Output  70  Tons  per  Month  (80  for  Casltngs). 


1 

2 

250 

3 

260 

4 

6 

.6 

7 

K.v.a 

:so 

250 

250 

250 

250 

Sire,  tons 

i 

i 

i 

\ 

i 

i 

\ 

Penoi.  months 

4i 

A 

2 

4 

s* 

Si 

CUs5  of  steel* 

HS 

HS 

Carl.. 

HS 

Cgs. 

Cfil 

Cgs' 

Numlier  of  slags 

2 

I 

I 

I 

I 

2 

Numl>er  of  hcjls 

5" 

313 

243 

244 

163 

366 

133 

Numl>cr  of  hours 

H9 

699 

5<«* 

316 

396 

f-i3 

498 

Numl>er  of  tons 

«5 

»57 

136 

125 

"75 

176 

70 

A  vtragt : 
Time  per  neat,  hours 

29 

223 

2-34 

«3 

2-43 

1-73 

3-74 

T: —  •    -  •   n,  hours 

5-9 

■»-45 

4-18 

2-57 

2-26 

3 -59 

7-1 

T                       at           

049 

05 

056 

0-5 

I    07 

0-48 

052 

I  ...      ,.:    ..cat          

600 

443 

070 

S57 

577 

770 

L  nits  per  ton 

1,220 

883 

1,200 

750 

793 

1,200 

1.460 

Tons  \<i  month 

25 

34 

34 

62 

44 

21 

13 

Heats  per  day 

2-5 

35 

3 

6 

2 

2 

'•3 

Best  month's  output 

-5 

4» 

40 

75 

96 

38 

23 

I'nits  per  ton 

1,220 

840 

1. 1.40 

-■" 

7bS 

1,180 

1,400 

Ht■.it^  per  day 

1      ■' 

4 

3-.'> 

7 

2-8 

3-7 

2-4 

Electrode  diameter  \'^ 

4  in. 

4  in. 

4  m. 

5l  in- 

4  in. 

4  in. 

4  in. 

Electrode,  consumption,  lb.  per  ton  in  ladle 

47 

.8 

25 

37 

17 

18 

22 

DcUvs.  days 

2 

18 

18 

>7 

79 

3 

Basic  or  acid 

B 

i 

B 

B 

A 

B 

B 

B 

All  these  furnaces  are  on  day  shift. 

No.  3  it  will  be  noted  shows  an  output  over  the  best  month  of  96  tons.  jThcre  were  56  heats  during  this  period, 
so  the  average  weight  was  1-7  tons  per  charge  in  a  |-ton  furnace.  The  general  performance  of  this  furnace  is  good,  though 
the  electrode  consumption  can  be  improved,  and  should  come  down  to  10  or  12  lb.  of  grapliite  per  ton  in  ladle,  even  on 
day  shift. 

No.  4  is  a  case  where  no  meter  has  been  installed  against  the  furnace.  The  current  consumption  is,  however, 
estimated  to  be  730  units  per  ton. 

Table  5. 
Nominal  Output  100  Tons  per  Monlh. 


I 


K.v.a 

Size,  tons 

Period,  months    . . 

Class  of  steel 

Number  of  slags 
Nurnl>cr  of  heats 
Number  of  hours 
Number  of  tons  . . 

Average  : 
Time  l>er  heat,  hours 
Time  per  ton.  hours 
Tons  per  heat 
I 'nits  per  heat     . . 
ty'nils  per  ton 
Ton*  j>cr  month 
Hcal%   f>rT   (l.iy 
I'  ''c's    output 

'  t  on      . . 

1 "  1-'  'i»y    •■ 

Elcctmdc  diameter  .'  ^ 

tnption,  lb.  per  ton  In  ladle 
B«Mc  ot  auj 


1 

2 

3 

4 

5 

6 

300 

300 

300 

300 

325 

360 

i 

1 

•i 

{ 

4i 

i 

4l 

4 

5* 

Cgs. 

Carb. 

Cgs. 

Cgs. 

(XiCr. 
,  Ni,  A:  C 

HS 
AC 

t 

2 

2 

2 

2 

476 

52 

28 

108 

137 

aoo 

1,200 

577 

152 

bl2 

651 

780 

272 

43 

37 

140 

256 

216 

2-66 

11 

54 

5-67 

4 '75 

3-9 

4-6 

134 

4 

437 

2  54 

3-6 

057 

082 

1-35 

1-3 

1-86 

fo8 

510 

1.510 

6,940 

2,490 

1,900 

— 

900 

1.830 

5.250 

1 .950 

1,000 

— 

60 

It 

74 

3' 

64 

40 

5-3 

I 

i 

«-5 

1-7 

2 

89 

20 

— 

42 

100 

36 

750 

1,480 

— 

l,6So 

t.184 

— 

5-6 

1 

— 

1-5 

3 

2-6 

— 

10  in. 

— 

— 

— 

•^ 

4  in. 

— 

3  in. 

3  in. 

7  in. 

6  in. 

28 

— 

30 

30 

19 

1 1 

43 

— 

52 

39 

'i 

A 

B 

B 

B 

B 

No  .'  y%  due  to  lurnaco  trouble*  and  rclining  and  spent  most  of  its  time  and  current  in  reheating, 
Mid  t«  nij<^ 

No.   3  )i.4.«  <  .-ind  ii  given  to  show  how  much  current  a  furnace  can  use. 

No.   4  will  I   down  and  is  seldom  used. 

No.    5  bad   in-iuy  'Iciayi  due  to  failure  of  supply. 

No.  6  is  »  ra»r  where  no  meter  ha*  bcon  initallml  against  the  furnace  ;  the  current  consumption  is  estimated  at 
1,170  units  per  ton. 

•  1.1  T<Mn  4  <<  Iff  ,C<v~ci>Uii«>i  C-coim;  llS'hIiih  t|Mr.]  lool:  I  - illoy  •l«»l  ln«nl ;  Ntl'r-nlrkrI  chrimc. 
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Table  6. 

Nominal  Output  iSo  Tons  per  Month  (200  for  Castings). 


1 

1 

2 

3 

4          1 

5 

6 

7 

K.v.a 

450 

450 

450 

400 

450 

450 

450 

Size,  tons 

li 

'i 

li 

li 

li 

14 

14 

Period,  months 

34       , 

4i 

3 

2 

54 

54 

54 

Class  of  steel 

HS      ! 

I 

I 

Cgs. 

Cgs. 

Cgs. 

Cgs. 

Number  of  slags      . . 

2 

2 

2 

I 

I 

2 

Number  of  heats     .  . 

217 

229 

87 

151 

447 

23S 

200 

Number  of  hours 

826 

1,605 

431 

522 

1.383 

842 

742 

Number  of  tons 

359 

357       I 

122 

222 

628 

368 

331 

Average  : 

Time  per  heat,  hours 

3-8 

7 

4-9 

3-4 

3 

3-53 

3-7 

Time  per  ton,  hours 

2-3 

4 '49 

3-5 

2-3 

2-2 

2-28 

2-24 

Tons  per  heat 

1-65 

1-55 

1-4 

1-47 

1-4 

1-55 

1-65 

Units  per  heat 

1,420 

1,830 

1,490 

1.330 

1,120 

1.477 

1.532 

Units  per  ton           . .          ... 

860 

1,180 

1,060 

950 

800 

955 

925 

Tons  per  month 

120 

79 

40 

no 

114 

67 

60 

Heats  per  day 

3 

3 

1-4 

3-7 

4 

2 

2 

Best  month's  output 

156 

100 

64 

125 

180 

94 

108 

Units  per  ton 

785 

1. 139 

920 

890 

770 

IjOOO 

8S0 

Heats  per  day 

4-75 

4 

2 

4 

6 

3 

3 

Electrode  diameter  ^q 

6  in. 

6  in. 

5  J  in. 

4  in. 

5i  in- 

14  in. 
8  in. 

6  in. 

Electrode  consumption,   lb.    per  ton  in  | 

— 

— 

— 

•170 

— • 

ladle           J 

20 

40 

30 

9 

21 

32 

13 

Delays,  days 

29 

23 

16 

4 

27 

Hi 

— 

Basic  or  acid           . .          r 

B 

2 

B 

A 

B 

1            ^ 

B 

Table  7. 
Nominal  Output  180  Tons  per  Month  (200  for  Castings). 


1 

2 

1 

3 

4 

5 

6 

7 

8 

K.v.a 

520 

500 

500       ', 

500 

500 

500 

500 

500 

Size,  tons 

'i      i 

14 

14 

14 

14       1 

i4 

14 

2i 

Period,  months 

74 

44 

I 

4 

114 

3 

44 

54 

Class  of  steel    .  . 

NiCr, 
Ni,  &  C 

Special 

Alloy 

Cgs. 

Cgs. 

Cgs. 

Cgs. 

Cgs.        i 

Cgs. 

Number  of  slags 

2 

2 

2 

2 

2 

2 

I 

2 

Number  of  heats 

473 

249 

74 

126 

624       j 

254 

416       1 

170 

Number  of  hours 

2.457 

972 

126 

556 

2,240 

929 

1,231 

949 

Number  of  tons 

935 

343 

127 

187 

816 

355 

639 

324 

Averaee  : 

Time  per  heat,  hours 

5-i8 

39 

1-7 

4-4 

3-58 

3-6 

2-9 

5-5 

Time  per  ton,  hours  . . 

2  62 

2-8 

0-99 

3-97 

2-74 

2-6 

1-9 

2-9 

Tons  per  heat 

1-97 

1-37 

1-7 

1-48 

1-3 

1-4 

1-53 

1-9 

Units  per  heat 

2.195 

1.370 

:.25o 

1.930 

1,300 

1.530 

1.270 

2,710 

Units  per  ton  .  . 

I, HO 

990 

729 

1,300 

997 

950 

830 

1,420 

Tons  per  month 

124 

80 

127 

47 

71 

118 

130 

59 

Heats  per  day 

3 

3 

3-7 

1-5 

2-5 

4 

4 

14 

Best  month's  output 

179 

128 

64 

112 

147 

173 

95 

Units  per  ton  . . 

1,000 

940 

— 

1,228 

960 

890 

775 

1,220 

Heats  per  day 

4 

4-6 

3-7 

2 

4 

4-7 

5-3 

25 

Electrode  diameter  •  „ 

7  in. 

8  in. 

7  in. 

8  in. 

6  in. 

10  in. 

6  in. 

4  in. 
si  in. 

Electrode  consumption,  lb.  per 

ton  in  ladle 

17 

26 

30 

— 

26 

30 

29 

15 

Delays,  days    .  . 

28 

21 

7 

II 

71 

16 

3 

25 

Basic  or  acid   .  . 

B 

B 

B 

B 

B 

B 

B 

B 
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Table  8. 
Somiiial  Output  220  Tons  per  Month  (240  Jor  Castings). 


1 

2 

3 

4 

6 

6 

7 

8 

9 

K.v.a 

600 

600 

■  600 

600 

600 

625 

650 

650 

650 

Size,  tons 

2 

li 

2 

2j 

H 

2 

2 

2 

t 

Period,  months    . . 

3i 

4i 

5i 

5i 

4 

3 

Si 

4i 

t 

Class  of  stcxi 

I 

Cgs. 

Cgs. 

Cgs. 

I  &  Cgs. 

Cgs. 

Cgs. 

Cg«. 

Cgi. 

Number  of  slags 

2 

2 

2 

a 

I 

I 

I 

t 

Number  of  heats 

««7 

356 

444 

«95 

««4 

45 

377 

249 

31 

Number  of  hours 

926 

I,l66 

1,605 

1. 149 

676 

256 

1,201 

893 

246 

Number  of  tons  . . 

202 

525 

891 

442 

»33 

94 

762 

5M 

55 

/iveraee  : 

Time  per  heat,  hours 

7-9 

3-5 

3-6 

5-78 

5-9 

57 

3i« 

3 -.59 

7-9 

Time  per  ton.  hours 

45 

2-4 

1-8 

2-6 

2-9 

2-7 

'•57 

1-73 

4-47 

Tons  per  heat 

1-73 

'■47 

2 

2-26 

2 

2 

2 

2 

1'77 

Units  per  heat 

2,^8o 

1,150 

«.337 

4.470 

1.880 

2,560 

1,800 

1,800 

3.160 

I'nits  per  ton 

".43° 

780 

668 

1,970 

023 

1,280 

890 

890 

t,8oo 

Tons  per  month 

57 

116 

162 

80 

60 

31- 

139 

"4 

28 

Heats  per  day 

1-6 

4 

4   . 

2 

«-4 

I 

3 

2-7 

I 

Best  month's  output 

90 

»53 

329 

103 

96 

41 

263 

163 

— 

Units  per  ton 

1,^65 

745 

666 

1,870 

1,080 

1,090 

860 

920 

— 

Heats  per  day     . . 

25 

5i 

5-8 

2 

2-5 

I 

3-4 

4 

— 

Electrode  diameter    ^ 

5iin- 

— 

— 

4  in. 

— 

10  in. 

— 

— 

14  in. 

1 1» 

. 

— 

4  in. 

4  in. 

5iin. 

6  in. 

— 

8  in. 

Sin. 

Sin. 

Electrode  consumption. 

lb.  per 

ton  in  1 

6  in. 

— 

— 

— 

— 

59 

Udle 

1 

44 

7 

7-3 

«5 

16 

— 

»7 

29 

36 

IX-laj-s.  days 

II 

12 

19 

— 

54 

— 

65 

45i 

Hasic  or  add 

A 

A 

A 

B 

B 

B 

B 

B 

B 

Table  9. 
Nominal  Output  220  Tons  per  Month. 


1 

2 

3 

4 

000 

6 
600 

6 

7 

8 

9 

K.v.a 

600 

600 

600 

625 

650 

6jo 

650 

Sire,  tons 

2 

3 

1} 

2 

■i 

2 

2i 

4 

3 

Period,  months 

5 

3i 

3 

3i 

2 

4i 

5i 

3 

7* 

CUm  of  itecl         

i   C& 
(NiCr 

C  & 
NiCr 

I 

I 

HS 

C  ft 
NiCr 

HS 

C  & 
NiCr 

HiRhC 
ACg* 

Number  of  »Ia({s 

2 

2 

2 

2 

2 

3 

2 

a 

2 

Number  of  heats 

189 

211 

79 

172 

1 16 

126 

155 

93 

SaS 

Number  of  hnun 

«45 

1.387 

477 

647 

49« 

l.«39 

824 

685 

1.676 

Numlier  of  tons  . . 

46. 

847 

90 

4«3 

214 

671 

470 

420 

i.a7» 

Avtrace  : 

Time  per  heat,  hours 

447 

6-57 

6 

318 

4-2 

8q 

5-43 

7-3 

5 

Time  per  ton,  hours 

183 

1-63 

52 

I-56 

2-3 

I -69 

'•75 

1-6 

«-3 

Tons  per  heat 

•    44 

4 

114 

2-36 

1-84 

53 

3 

4-5 

3-9 

Units  per  heat     . . 

-     M"! 

J.OOS 

1,970 

2.330 

2,S00 

4,110 

a.aSo 

I  nils  per  ton 

^  ,  V 

MO 

».7.10 

970 

740 

— 

920 

910 

584 

Ions  jK-r  month 

',. 

.'.0 

^o 

118 

107 

«50 

85 

140 

170 

1  •» 

3 

»-3 

2-5 

3 

14 

'■4 

«-5 

2 

'.Utput 

•05 

33 « 

57 

13a 

— 

•95 

"7 

aoo 

a66 

■  ..■■■)■.;■.. 

720 

710 

I.350 

936 

— 

— 

680 

897 

635 

Mc«ti  per  day     . . 

2 

4 

2-4 

a-5 

3     1 

2 

a 

a-2 

3 

T-            .,    ■           .          N    



14  in. 

14  in. 

— 

— 

.^ 

14  in. 

6  in. 

— 

9  in. 

— 

6  in. 

7  in.     1 

9  in. 

Sin. 

— 

lb.  per  ton  in 

U<lic        .  .                                      ... 

17 

60 

_ 

60 

^~ 

>7 

34 

16 

47 

I>elayt.  d»y« 

10 

7 



36 

12 

39 

^5 

26 

i 

Basic  or  acid 

""    1 

B 

B    1 

B 

B 

B 

"i 

B 
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Table   io. 
Nominal  Output  280  Tons  per  Month. 


K.v.a. 

Sire,  tons 
Period,  months 

Class  of  steel 

Number  of  slags 
Number  of  heats     . . 
Number  of  hours 
Number  of  tons 

Average  : 
Time  per  heat,  hours 
Time  per  ton,  hours 
Tons  per  heat 
Units  per  heat 
Units  per  ton 
Tons  per  month 
Heats  per  day- 
Best  month's  output 
Units  per  ton 
Heats  per  day 

Electrode  diameter  <  ,, 

Electrode    consumption, 

ladle 
Delays,  days 
Basic  or  acid 


lb.    per 


ton   in 


750 

3i 

I 

I  and 

Cgs. 
2 

42 
212 
1 10 

5 

i-g 

2-6 
2,630 
1,000 

1 10 


2 
14  in. 


7 
B 


750 

3 

3 

C  and 

Cgs. 

2 

120 

656 

354 

5-46 

1-85 

2-95 

2,620 

955 
118 
2 
195 
945 
3-3 

8  in. 

23 
27 
B 


750 
3 

4j 

I  and 

Cgs. 

2 

224 

1,242 

915 

5-54 
1-35 
4-08 

3.700 
900 
203 
2-5 
260 
940 
3-5 

14  in. 


90 

34 
B 


750 

3 

5 

I  and 

Cgs. 

I 

156 

815 

427 

5-2 
1-9 

2-73 
2,670 

977 

85 

15 

97 

1,000 

1-8 

14  in. 


70 
a 


76.5 

2i 

3i 
Cgs. 


305 

1,178 
694 

3-86 

1-7 

2-27 

1,820 

800 

198 

4-3 

237 

720 

4-8 


12-6 

9i 
B 


800 
5 

5i 

Cgs. 

I 

267 
I, III 
1,020 

4'i 

i-o8 

3-8 
3.300 
866 
185 

2-4 

223 

810 

2-8 

9  in. 

6-.5 
16 
B 


800 
3 

5i 

Cgs. 

2 

189 

841 
579 

4'4 
1-45 
3 

3,120 
1,050 

105 

1-7 

128 

1,020 

2 

8  in. 

16 
20 
B 


It  will  be  noted  that  whereas  No.  5  was  in  actual  operation  on  the  average  19  6  hours  per  day  with  an  average 
output  of  198  tons  per  month.  No.  6  working  ii-8  hours  a  day  gave  an  average  output  of  185  tons  per  month.  The 
electrode  consumption  of  6-5  lb.  includes  breakages. 


Table  ii. 
Nominal  Output  280  Tons  per  Month, 


1 

2 

3 

4 

5 

6 

7 

8 

K.v.a 

750 

750 

750 

750 

800 

800 

850 

900 

Size,  tons 

3 

3 

3i 

3 

3 

3 

3 

3 

Period,  months 

2 

2 

3i 

3J 

4i 

3 

3  b 

4 

Class  of  steel    . . 

I 

^         1 

Cr,  and 

NiCr 

I 

I 

C 

NiCr 
Mang. 

I  and 
Cg?. 

Number  of  slags 

2 

2 

2 

2 

2 

2  &  I 

2 

2 

Number  of  heats 

156 

112 

150 

205 

77 

90 

100 

114 

Number  of  hours 

733 

547 

837 

865 

467 

625 

547 

754 

Number  of  tons 

487 

300 

523 

704 

293 

265 

354 

416 

Average  : 

Time  per  heat,  hours 

4-69 

4-8 

5'4 

42 

6 

6-9 

5-47 

6-6 

Time  per  ton,  hours 

1-5 

1-6 

1-6 

1-22 

I -.59 

2-3 

I '54 

1-8 

Tons  per  heat 

3 

2-68 

3-48 

3-4 

3-8 

2-Q 

3-54 

3-64 

Units  per  heat             . .           j 

2,510 

2,650 

3.040 

2,890 

4,100 

2,980 

4,120 

3.360 

Units  per  ton  . . 

807 

990 

870 

844 

1,080 

1,000 

1,160 

920 

Tons  per  month 

243 

150 

149 

300 

65 

88 

100 

104 

Heats  per  day 

3-9 

2-8 

2 

3 

I 

14 

1-5 

i'4 

Best  month's  output 

— 

207 

279 

102 

1.38 

149 

163 

Units  per  ton  . . 

— 

— 

720 

S17 

1,160 

1,000 

1,050 

1, 000 

Heats  per  day 

3'9 

2-8 

24 

4 

— 

2-5 

2 

2i 

Electrode  diameter     (, 

8  in. 

14  in. 

8  in. 

8  in. 

14  m. 

8  in. 

9  in. 

16  in. 

Electrode  consumption,  lb.  per 

ton  in  ladle 

— 

— 

15 

13 

97 

— 

22 

65 

Delays,  days 

— 

— 

19 

34 

102 

15 

57     . 

Basic  or  acid   . . 

B 

B 

B 

B 

B 

B 

B 

B 

No.  6 — three  months'  working  period  from  5  Oct.  to  22  Feb.,  5J  months. 

No.  7  has  had  281  tons'  output  at  925  units  in  the  month,  working  196  hours  per  d^y,  48  heats  per  day. 
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K.v.a. 

Sire,  ton^ 

Period,  months    . . 

CUs»  .  f  si,,: 
Nur  iS 

Nur.  .Its 

Numl>tT  u!  hours 
Number  of  tons  . . 

Average  : 
Time  por  heat,  hours 
T.„.   .    ,   .    .,     hours 


L'mw  per  ton 
Tons  per  month 
Heats  per  day 
Best  month's  output 
I'nits  per  ton 
Heats  per  day 


Electrode  diameter 


A 

G 


Table   1;. 
Kominal  Output  380  Tons  per  Month. 


Electrode  consumption,  lb.  per  ton  in 
Delays.  da\-s 
Basic  or  acid 


ladle 


1 

1.200 

2 

3 

1.200 

1,200 

,                 6 

6 

i               3* 

'i 

Ai 

!         NiCr 

Ni  &  C 

1 

I                2 

2 

3 

'            171 

70 

116 

'.373 

573 

1.203 

1,501 

5.7 

1. 183 

8 

8-2 

»o-37 

o-gi 

I  •  I 

lOI 

1         8-77 

74 

IO-2 

5">o 

6.899 

9.056 

'■SO 

934 

S96 

V'2 

4'3 

252 

I            ''^ 

2-8 

••3 

'           55J 

— 

435 

647 

— 

800 

„  .  ^ 

— 

2 

18  in. 

20  in. 

20  in. 

30 

45 

86 

5 

i 

56 

B 

B 

B 

1.200 
6 

2 

I 

2 

67 

745 

478 

II- 1 

I    56 

7«3 

7,080 

995 
239 
1-7 
338 
057 
2-35 
iS  in. 

>30 
«5 
B 


1. 300 
6 

3i 
I 

2 

128 

I. too 

873 

8-5 

I    26 

6-8 

6.870 

t.ooo 

267 

2 

299 

990 

2 

18  in. 


Xo.  I  gave  552  tons  in  63  heats  of  485  hours  in  one  month.     The  electrode  consumption  is  excellent  for  amorphoni 
carbon. 

No.  3  furnace  bad  electrical  troubles  ;    also  electrodes  were  the  chief  causes  of  delay. 
No.  4  electrodes  gave  great  trouble  and  caused  great  dela}'s. 


Table   13. 
NominaJ  Output  420  Toms  per  Month, 


Kv.a. 

Size,  tons 
Period,  months    . . 
Class  of  steel 
Number  of  slags 
Number  of  heats 
Number  of  hours 
Number  of  tons  . . 

Averate  : 
•'---'-•    hours 
liours 

-  ,  —      . . 

Unil«  {"cr  licit     . . 
Units  yet  ton 
Tons  per  month 
Mp.<t<  t^r  ,1a  V 
I  utput 


i,..>,   ,-.    ......      .. 

Klaclroda  diAmeter 


<A 


.mption,  lb.  per  ton  in  ladle 


liaMC  of  auU 


1 

2 

3 

4 

6 

t,8oo 

1.800 

X.873 

1.500 

1.500 

7 

6 

8 

7 

7 

'>i 

2t 

'i 

3 

2i 

NiCr 

1 

1 

I 

I 

2 

2 

1 

2 

2 

331 

>I4 

45 

104 

105 

3.<"5 

7.56 

4'5 

1.048 

1.063 

3.045 

786 

437 

748 

953 

91 

663 

9-2 

10 

to- 1 

099 

0-96 

095 

"•4 

III 

92 

6-9 

97 

7-2 

907 

8.700 

5.7>o 

9.000 

7.450 

6,500 

945 

828 

925 

«.f>35 

7t3 

205 

3M 

292 

149 

381 

«  3 

23 

15 

«-7 

2-3 

400 

37» 

365 

300 

422 

950 

800 

940 

1.000 

677 

2 

2-7 

2 

a 

»4 

18  in. 

20  in. 

30  in. 

18  in. 

— 

12  in. 

— 

— 

— 

63 

— 

44 

— 

too 

77 

— 

10 

— 

"i 

n 

H 

» 

n 

u 
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It  is  rather  a  coincidence  that  comparing  these  with 
the  best  month's  outputs  there  is  a  difference  in  each 
case  of  19  per  cent.  Delays  due  to  breakdowns, 
changing  roofs,  relining,  etc.,  are  largely  responsible 
for  this. 

Electric  Furnace  Log  Sheets. 
Oa  \-isiting  the  various  steel  works  in  this  countrj' 
the  author  found  that  wliile  some  users  kept  proper 
records  of  the  operation  and  output  of  their  furnaces, 
others  confined  themselves  more  to  the  output  and 
kept  no  proper  records  of  current  and  electrode  con- 
sumption or  causes  of  delays.  Some  indeed  appeared 
to  treat  these  as  a  matter  of  course,  notwithstanding 
their  anxiety  to  get  output.  This  sort  of  feeling  was 
good  neither  for  the  electric  steel  trade  of  the  tountrv 
nor  for  the  maker  or  designer  of  the  furnace,  ^\^^en 
keen  competition  set  in,  the  steel  maker  nught  find 
his  furnace  out  of  commission  and,  unless  the  rurnace 
maker  made  his  furnace  as  fool-proof,  reliable,  and 
efficient  as  possible,  he  would  find  he  was  doing  harm 
not  only  to  the  electric  steel  trade  development  in 
this  country  but  also  to  himself  in  particular. 

It  was  decided  therefore  to  send  out  electric  furnace 
log  sheets  to  all  users  and  to  ask  for  weekly  returns 
to  be  made  to  the  Ministrj-  of  Munitions.  This  sheet 
was  based  on  the  Heroult  furnace  log  sheet  of  which 
Mr.   Campbell  kindly  supphed  a  copy. 

To  meet  the  wishes  of  the  steel  makers,  who  rightly 
pointed  out  that  while  anxious  to  give  the  Ministry 
the  fullest  possible  information  it  was  very  difficult, 
especially  where  several  furnaces  were  installed,  to 
find  time  or  staff  to  fill  them  in,  in  view  of  the  number 
of  other  returns  they  already  had  to  make  to  different 
Departments  of  the  Ministry,  this  log  sheet  was  later 
replaced  by  a  fortnightly  return  wth  condensed  parti- 
culars as  shown  in  the  log  sheet  reproduced  in  the 
Appendix  to  this  paper.  The  main  difference  between 
the  two  log  sheets  was  that  instead  of  gi\"ing  full  parti- 
culars of  each  indi\"idual  heat,  the  total  number  over 
a  fortnight  is  now  given.  These,  with  the  particulars 
pre\-iously  given,  were  sufficient  for  the  requirements 
of  the  Ministn,-  and  enabled  the  latter  to  note  especially 
those  furnaces  which  were  not  operating  well  and  the 
reason  for  this.  The  author  desires  to  thank  tho 
electric  furnace  proprietors  for  the  great  trouble  they 
have  taken  in  making  these  returns  as  complete  and 
comprehensive  as  possible. 

From  the  returns  given  in  these  log  sheets  he  has 
been  able  to  insert  the  figures  given  in  Tables  4  to  14 
inclusive.  These  figures,  taken  over  a  period  of  one 
to  six  months,  show  the  comparative  performance  of 
the  same  or  different  tj-pes  of  furnaces  working  as 
nearly  as  possible  on  the  same  class  of  steel  and  under 
similar  conditions  in  the  various  steel  works. 

In  making  comparisons  the  author  considers  it  to 
be  necessary-  to  take  furnaces  having  the  same  k.v.a. 
capacity  and  not  the  rated  charging  capacity  in  tons, 
and  it  will  be  noticed  that  they  are  entered  on  this 
basis. 

The  heats  per  day  in  the  tables  are  the  average 
number  of  heats  taken  over  the  whole  period  of  20 
days   a  month,   and   include   "  delays." 

Vol.  57. — Supplement. 


Under  "  best  month's  output  "  the  average  number 
of  heats  per  day  are  sho\vn  with  "  no  delays." 


Table  14. 

Nominal  Output  600  Tons 

per  Month. 

1 

1 

2 

K.v.a ' 

2,500    ! 

3,000 

Size,  tons         . .          . .          . .          . . 

10 

12 

Period,  months 

3i 

61 

Class  of  steel   . . 

Ni,  CH     , 

( Ni,  CH, 
'(  and  C 

Xumber  of  slags 

2 

2 

Xumber  of  heats 

106 

331 

Number  of  hours 

818 

2,039 

Number  of  tons 

900 

3.575 

Average  : 

Time  per  heat,  hours. . 

7-7 

6-i6 

Time  per  ton,  hours  . . 

0-9 

0-57 

Tons  per  heat 

8-5 

IO-8 

Units  per  heat 

8,200 

9.657 

Units  per  ton  . . 

966 

890* 

Tons  per  month 

257 

572 

Heats  per  day 

1-5 

2-6 

Best  month's  output 

357 

791 

Units  per  ton  . . 

945 

869 

Heats  per  day 

2-3 

3-6 

Electrode  diameter  -  U 

1  Cj 

18  in. 
10  in. 

10  in. 

Electrode  consumption,  lb.  per  ton 

ladle              

30 

12-9 

Delays,  days   . . 

29 

Basic  or  acid  . . 

B 

B 

•  Includes  ai!  steelworks'  auxiliaries,  and  the  rating  would  be  700  tons  per 
month  on  the  basis  of  3  heats  of  12  tons,  say  35  tons  per  day,  20  days  per 
month.  This  furnace  has  bad  as  much  as  1,010  tons'  output  in  one  montk 
in  1917. 

Nominal  Output. 
.\fter  a  careful  comparison  of  the  various  sizes  and 
types  of  furnaces,  the  author  has  arrived  at  the  following 
particulars,  setting  forth  the  size,  k.v.a.  capacity',  and 
nominal  output  of  each. 

Table  15. 
Ratings  of  Electric  Furnaces. 


Incots  or 
Castings 

Size, 
tons 

k.v.a. 

Average 

hours  per 

heat 

Number  ! 
of  heats 
per  day   ; 

Nominal 
tens  per 

month  of 
20  da>-s 

Ingots 

i 

250 

2-75 

z 

70 

Castings 

i 

250 

2-25 

8 

80 

Ingots 

•J 

.500 

3-25 

6 

180 

Castings     . 

I* 

500 

3 

7 

200 

Ingots 

2-2i 

650 

4-25 

5 

220 

Castings     . 

2-2  i 

650 

35 

5 

240 

Ingots 

3-34 

850 

5-75 

4 

280 

Castings 

3-3i 

850 

4-75 

4 

2S0 

Castings     . 

5 

1,000 

4 

5 

500 

Ingots 

6 

1,500 

7-5 

3 

360 

Ingots 

7 

1,800 

7-5 

3 

420 

Ingots 

10 

2,500 

7-5 

3 

600 

Ingots 

15 

3,000 

7-5 

3 

900 

The    nommal    output    per   month    is  based    on    the 
assumption  that  the  weight  of  charge  is  equal  to  the 

18 
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rated  chari^itS  capacity  of  the  furnace.  In  actual 
practice,  however,  this  is  not  the  case  in  many  furnaces, 
as  will  be  noticed  in  the  preceding  tables.  The  6-ton 
furnaces,  for  instance,  take  from  6-8  to  io-2  tons  per 
charge  on  the  average.  Consequently  the  actual 
output  is  increased,  though  on  the  other  hand  the 
heat  period  would  increase  and  the  average  number 
of  heats  j>cr  Oav  might  be  less  tlian  the  above  estimate. 
The  author  sees  no  reason,  however,  why  the  above 
outputs  should  not  be  easily  reached  under  proper 
conditions,  and  these  call  tor  continuity  of  working 
and  rcliabihty  of  plant  and  the  efhcicnt  working  of  the 
same. 

Delays. 

Continuity  of  workinp  greatly  depends,  of  course, 
on  the  volume  of  business,  but  rcUable  and  efficient 
working  de]>ends  on  the  furnace  being  as  reliable, 
etl'icicnt,  and  f'X)l-proof  as  possible.  Assuming  it  has 
these  ver\'  rare  essentials,  and  a  gang  wliich  takes  an 
intelligent  interest  in  what  should  be  regarded  as  a 
good  tool,  it  is  in  turn  relj-ing  on  what  is  known  a-s 
"  shop  conditions,"  such  as  waiting  lor  the  crane,  etc. 
^\'hilc  it  is  difficult  where  there  are  a  number  of  furnaces 
working  together  to  arrange  things  so  that  they  may  be 
teemed  as  and  when  ready,  it  should  not  be  difficult 
for  a  single  funiace  to  get  this  necessary  attention, 
for  the  want  of  which  the  refractories  suffer,  current 
is   wasted,  and  the  gang  is  kept  waiting. 

Failure  oj  electric  poirer  suphly. — Failure  due  to 
breakdown  of  generating  plant  and  lack  of  spare  plant 
occurred  in  one  or  two  cases. 

The  generating  stations  were  working  at  their  maximum 
capacity  and  were  at  times  severely  overloaded,  and 
there  were  few  opportunities  for  overliauling  the  boilers 
a.nd  other  plant  The  result  was  that  when  sliortness 
of  supply  hapi)enf(l,  the  first  plant  to  be  shut  down, 
with  little  or  no  notice,  w.is  tlie  electric  furnace.  It 
used  a  large  amount  of  current  and  was  consequently 
easier  to  shut  down  than  a  lot  of  small  and  not  so 
important  users. 

There  is  no  doubt  that  all  the  users  of  electricity 
supply  were  doing  important  work  during  the  war, 
but  vcrvmuch  li-ssronsc<)ueiitt.iIilamaf;eand  interference 
would  liave  r<-»\iltc<l  if  the  furnace  user  could  have 
Ixt-n  kept  goint;  until  he  had  at  any  rate  a  chance  of 
cleaning  his  furn.icc  so  as  to  prevent  a  possil)ihtv  of 
frccring.  When  it  was  jMiintcd  out  to  the  electrical 
engineer  how  important  it  was  to  give  the  furnace 
user  an  opportunity  of  doing  tliis  and  to  find  out  from 
him  how  Irjng  it  would  take  to  teem,  the  engineer  always 
•?.  ■  '  .  keen  appreciation  and,  although  he  was  in 
\  at  hit  wiU'  end  to  try  to  atcominod.-itp  evcry- 

U^ly,    1.1  •  ivc    the    electric    furn.ices 

fin    his   ni  ition.     The   author    thinks 

a  il'lit    r!  •■    IS   due    to    the    various   corj>ora- 

tion^    ail'.  '  i'-ctric   supply   departments    for    the 

way  thrv  carne<l  on  undi-r  difficult  conditions.  Like 
tho  Navv  thf-y  workcil  silently,  and  their  existence 
was  chirlly  l>i"ii(;|it  to  mind  when  anything  adverse 
happcn^l    and    Kiijiplv    w.i«   even    tompor-irily   cut    oW. 

Hrrakdi'UH  of  futn,it»\  Ii>'l.ivs  due  to  this  cause 
have  Ix-f-n  i*t  to<i  fte<|iiriit  In  the  author's  o]iinion 
the  tilling  gear   and   geiicial   arrangement  of  electrode 


feed-gear  on  certain  types  have  not  been  designed  to 
withstand  the  conditions  in  a  steel  works.  He  has 
many  records  of  stripping  on  the  tilting  gear,  resulting 
in  every  narrow  escapes  in  some  instances.  He  also 
has  records  of  stripping  of  the  electrode-raising  and 
lowering  gear,  with  the  result  tliat  the  gallows  arm 
falls  right  down,  with  consequent  damage  to  the  furnace 
and  very  possible  transformer  troubles  (referred  to  later). 

It  is  verv  comforting  to  state  that  the  makers  concerned 
have  ehminatcd  or  are  eliminating  these  bad  features. 
One  maker  has  indeed  redesigned  his  furnace  and 
has,  on  furnaces  now  in  course  of  manufacture,  made 
radical  alterations  and  improvements  in  these  and  other 
features.  The  other  makers  concerned  are  making 
important  alterations,  but  it  is  not  proposed  to  mention 
these  in  this  paper. 

If  the  reliabihty  can  be  improved  it  will  certainly 
pay  the  user  to  have  his  furnace  brought  up  to  date 
as  far  as  possible  (if  he  has  not  already  done  so,  and 
there  are  cases  where  this  has  happened).  The  result 
will  be  that  the  user  can  concentrate  on  making  steel 
without  much  fear  of  breakdowns.  He  will  turn  the 
steel  out  at  a  cheaper  rate  per  ton,  for  he  will  not  only 
save  all  the  "  kilo-units  "  used  for  heating  up,  but 
will  also  reduce  his  electrode  consumption  and  prolong 
the  life  of  the  roof  and  linings. 

Water-cooled  collars. — These  at  the  electrode  entrance 
in  the  roof  have  been  a  source  of  constant  trouble  and 
delays.  Their  breakdowns  arc  undoubtodly  due  chiefly 
to  failure  of  water  supply,  but  m.iny  installations  are 
now  complete  with  a  tank  placed  above  in  a  suitable 
position,  the  tank  being  kept  filled  from  the  water 
mains  or  other  source,  so  that  in  the  event  of  the  main 
supply  being  shut  off  for  any  reason,  there  is  a  sufficiency 
to  carrj'  on  with. 

Electrode  holders. — Electrode  holders  of  certain  types 
also  give  a  lot  of  trouble.  Personally,  tlie  author  has 
little  or  no  use  for  a  water-ct>oIed  electrode  holder  ; 
for  in  his  opinion  its  use  is  an  admission  that  it  is  exposed 
to  the  hot  gases  coming  through  the  roof  at  the  electrode 
entrance,  which  therefore  has  no  suitable  economizer 
or  seal,  or  that  it  has  not  a  proper  electrical  contact 
around  the  electrode.  If  electrodes  (and  especially 
amorphous  carbon)  are  operated  at  a  proper  current 
densitv,  and  assuming  they  are  not  of  iiiforior  quality, 
the  holder  should  be  able  to  carry  the  necessary 
current  without  undue  heating.  .Against  this  it 
may  be  argued,  and  with  some  reason,  that  where, 
say,  a  furnace  is  fitted  with  14-inch  amorphous  carbons, 
which  at  a  current  density  of  25  amperes  per  squ.arc 
inch  sliould  carry  about  4,000  amperes  each,  the  user 
nearly  always  runs  them  at  5,000  or  6,000  amperes. 
The  user  may  say,  in  explanation,  that  he  cinnot  other- 
wise get  his  heat  in  the  furnace  (there  is  jilenty  outside). 
The  answer  is  that  he  should  oitlior  put  in  a  larger 
electrode  if  the  furnace  can  take  it  or  one  be  got  for, 
say,  8-inch  graphite,  which  with  a  current  density  of 
100  am)>eres  per  square  inch  will  enable  hiiii  to  run  at 
5,000  amperes  per  pha.se.  It  may  further  be  argued 
(and  again  with  some  reason)  that  amorphous  carbons 
arc  very  often  of  inferior  quality.  This  is  the  case, 
and  it  very  often  happens  that  while  one  batch  may  be 
good  tlic  very  next  batch  out  ul  the  same  heating 
furnace   may   be   very   interior 
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Everyone  who  has  used  them  knows  what  he  may 
expect.  It  is  not  comforting  for  lumps  of,  say,  18-inch 
carbon  to  break  off  in  the  furnace.  It  is  not  easy  to 
take  them  out  of  a  14-inch  hole,  and  it  does  not  console 
the  user  even  if  he  is  making  high  carbon  steel  to  have 
such  happenings.  The  author  knows  of  a  case  where 
over  li  cvrt.  of  amorphous  carbon  was  used  to  the 
ton  of  steel  in  the  ladle,  which  was  immediately  made 
into  scrap  ingots. 

The  following  table,  showing  the  total  amperes  which 
amorphous  or  graphitic  carbons  should  carrj-  at  a 
current  density  of  about  25  and  100  amperes  per  square 
inch  respectively,  may  be  of  use. 

Table  i5. 


There  is  no  doubt  whatever  that  some  of  the  existing 
types  of  electrode  holders  are  fairly  rehable  and  efficient 
(without  water  cooling)  where  a  rehable  electrode 
economizer  is  fitted.  The  great  difficulty  is  to  find  an 
economizer  which  will  stand  up  in  existing  furnaces 
of  the  gallows-arm  U~pe  fitted  with  amorphous  carbon 
electrodes.  In  existing  furnaces  the  gallows  arm  comes 
down  so  close  to  the  roof  that  a  comparatively  shallow 
economizer  has  to  be  employed. 

The  makers  of  the  Greaves-Etchells  furnace  were, 
the  author  thinks,  the  first  to  tackle  this  problem 
seriously,  and  the}'  were  followed  immediately  by  the 
makers  of  the  Electro-Metals  and  Heroult  furnaces. 
Many  types  have  been  tried,  with  good,  bad,  or 
indifferent    results. 

The  problem  is  nothing  like  so  difficult  with  graphitic 
carbon  electrodes,  as  these  do  not  suffer  from  oxidation 
to  anj-thing  hke  the  same  extent.  Economizers  which 
were  unsatisfactory  with  amorphous  carbon  behaved 
well  up  to  a  certain  point,  but  fell  down  either  due  to 
failure  of  the  water  supply  or  because  the  man  in 
charge  neglected  to  look  after  them.  These  self- 
adjusting  economizers  demand  attention  periodically 
and  are  not  sufficiently  fool-proof.  The  author's  \-iew  is 
that  after  the  maker  has  done  his  best  to  impro\e  an 
existing  furnace  by  such  an  addition,  it  is  up  to  the 
user  to  see  that  proper  care  and  inspection  of  the  same 
are  practised.  The  whole  question  of  "  human 
element  "  is  by  far  the  most  important  in  the 
operation   of  a   reliable    furnace. 

Of  the  gallows-arm  tj-pe  of  furnace  the  Snyder  can 
claim  over  a  period  an  electrode  consumption  as  low 
as  7  lb.  of  4-inch  graphite  per  ton  of  steel  in  ladle.  The 
Heroult,  Greaves-Etchells,  and  Electro-Metals,  have 
with  economizers  each  shown  a  graphite  consumption. 


over  a  period,  of  13  lb.  per  ton,  which  is  good  but  will, 
the  author  hopes,   be  improved  still  further. 

Of  the  furnaces  having  no   gallows  arm  the  Stobie 

shows    an    electrode   consumption    of     9-inch   graphite 

as  low  as  6-5  lb.  per  ton  over  a  period  of  5I  months. 

Low-tension     conductors. —These     have    not     in     aH 

cases    received    the    necessary    attention    in    the    past. 

The  author's  opinion  is  that  a  current  density'  of  750 

amperes     per   square   inch  is   ample   for   copper   strip, 

for  they  are  nearly  sure  to  be  run  at  a  higher  rate  iii 

■    actual  practice.     The  maker  should  himself  be  respon- 

I    sible   for   aU  joints   being   properly   made   in   the   first 

instance   and   should   instruct   the   user  to   ha\e   them 

periodical!)-  inspected. 

I        Talks  with  the  qualified  electrical  engineer  in  charge 

on    I-  R   losses,    reactance,  etc.,    may   be    verj-    useful, 

but  to  the  ordinary  man  a  knowledge  that  hot  joints 

mean  bad   joints   has,  to   the   author's  knowledge,  had 

greater   practical   effect. 

Transformers.— These  are,  after  all,  the  most  im- 
portant part  of  the  furnace  instaUation,  for  a  breakdown 
of  one  (unless  there  is  a  spare  at  hand)  involves 
in  nearly  all  cases  a  considerable  delay  of  anything 
up  to,  say,  2  months.  Until  recently,  tivo  transformer 
makers  have  had  the  bulk  of  the  furnace  business. 
BreakdowTis  of  both  makes  ha\e  occurred.  In  the 
early  days  these  were  no  doubt  due  to  the  fact  that 
the  makers  did  not  appreciate  (as  they  did  very  soon 
after)  the  verj'  hea\-y  ser\-ice  their  apparatus  would 
be  called  upon  to  stand  up  to.  They  did  not  know 
what  heavy  surges  the  transformers  would  be  Uable 
to  during  the  melting-dowm  period ;  on  the  other 
hand,  transformers  were  in  some  cases  of  insufficient 
capacity'.  The  furnace  maker  may  have  felt  that  the 
guarantee  of  20  per  cent  overload  continuously  would 
make  them  ample.  At  any  rate  breakdowns  occurred. 
The  transformers  were  then  greatly  improved  both 
mechanically  and  electrically  and  by  degrees  trans- 
formers of  a  bigger  k.v.a.  capacity  were  installed, 
but,  notwithstanding  all  this,  breakdo-mis,  though 
less  frequent,  happened  owing  to  causes  quite  out- 
side the  transformer  maker's  control.  Here  are  two 
examples  : — 

(i)  A  furnace  had  practically  a  dead  short-circuit 
and  the  oil  switch  which  was  close  to  the  furnace  re- 
fused to  trip,  the  gear  being  choked  \sith  grit. 

(2)  The  transformer  was  placed  in  a  chamber  under- 
ground which  had  forced  ventilation  hut  no  spare 
motor-driven  fan.  The  fan  failed  for  want  of  oil,  and 
the   furnace   carried   on   till   the   transformer   failed. 

Automatic  voltage  and  current  regulators. — These  are 
going  to  help  not  only  the  transformers  but  also  the 
power  supplier.  The  regulators  can  be  put  into  com- 
mission direct  on  to  a  cold  charge  without  any  hand 
control.  The  electrodes  can  be  rapidly  withdrawn  on 
the  occasion  of  very  heavy  overloads.  The  result  is 
a  very  good  load  chart.  The  Woolwich  Arsenal  has 
a  set  running  in  conjunction  with  one  of  two  6-ton 
2,ooo-k.v.a.   Greaves-Etchells  furnaces. 

The  author  has  confined  this  paper  to  electrical  steel 
furnaces,  and  so  does  not  propose  to  deal  with  the 
24  arc  furnaces  referred  to  above.  Neither  does  he 
deal  with  furnaces  of  the  resistance  tj-pe  such  as  those 
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used  for  carbide  and  laboratory  purposes,  or  the  small 
furnaces  now  coming  into  use  in  this  country  for  hcat- 
trcatmcnt  purposes.  He  thinks,  however,  that  some 
day  we  may  have  large  resistance  furnaces  suitable 
for  heating  guns,  turbine  and  engine  shafts,  etc.  One 
of  the  great  difficulties  experiencc-d  with  large  furnaces 
is  due,  he  understands,  to  thermal  expansion  and  con- 
traction of  the  parts,  and  to  the  cost  of  repairing  and 
replacing  the  heating  units.  But  he  believes  these 
have  been  or  arc  being  overcome,  and  we  should  then 
have  furnaces  which  would  give  uniform  heating 
throughout  the  charge  and  with  little  scaling.  Com- 
paring our  total  of  117  electric  steel  furnaces  with  those 
installed  in  the  Uniti-d  States  and  Canada,  the  author 
notes  from  the  Iron  Age  that  America  in  January  1919 
is  credited  witli  287,  which  includes  3  induction  furnaces 
(there  are  none  in  operation  here  so  far  as  the  author 
knows)  and  Canada  is  credited  with  43  furnaces. 


In  conclusion  the  author  hopes  that  when  all  our 
furnaces  are  in  full  swing  again  their  output  efficiency 
may  be  at  least  as  good,  over  a  period,  as  those  shown 
under  "  best  months  output  "  for  each  type  of  furnace. 
In  other  words,  that  the  19  per  cent  difference  between 
the  two  may,  if  not  actually  disappear  altogether,  at 
any  rate  be  materially  reduced. 

I  The  author  thanks  the  makers  and  proprietors  of 
furnaces  for  their  kindness  and  the  information  they 
have  so  willingly  given  him.  which  information,  coming 
as  it  did  from  two  sources,  namely  the  maker  and  the 
user,    has   enable<l    him    to   give    the    alxsve   data   and 

'  particulars,  together  with  his  own  impressions  con- 
cerning the  operation  of  furnaces  in  general.  And  he 
trusts   that   it   will   be  of   practical   use  to   both,   with 

I   the  result  that,  so  far  as  electric  steel  is  concerned, 

1  the  great  steel  trade  in  this  country  may  be  second 
to  none  in  quahty  and  output  per  furnace. 
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ELECTRIC    FURNACE    LOG   SHEET. 

Fortnight  ending  Saturday 191 


Nmnber  of 


TmIa]  WVijht  o1  Chares  (inrluilin^: 
addiUocv) 


ToUl  No.  o( 

Hnun  durim    ' 

wbkh  CuiTcot 

«ta»  00 


Tool 


Cwt. 


Uf. 


(Lb.  not  required) 


KiluWiiu  Hv>ui& 


Meter  RrAtlinK 

It  htmnnini  ol 

ForuUfht 


Meter  Re-a<)inf; 
at  end  ol 
Fortnigbt 


Difference  l>etvi-een  Ibe 

Two  RoA  !iia:*,  i.e. 
Kilowa't  Houn  used 
dunog  Uie  Fortnigbt 


Kilovratt  Hours  per 
Ton. !  e.  Ktl'^watl 

V  ToU\ 

■trea 


H 


No.  ol  Furnace 

Make  of  Furnace    

Size  of  Furnace  (Tons) 

K.v.a.  of  Furnace 

(Graphite  or 


Remarks. 

Gi\e  lieie  lull  partirtilant  of  any 

Slop)  af;e«  ilue  to  failure  ol  Eloc- 

lrt>Jei,   Eiierjry,  Water,   or  any 

otlicr  caute. 


Di.T    ri(  FWlrodo"! 


I  Amorphous. 


No.  •<(  IJetlr<j<ks  uscil  1 
during  l-'ortnight        j 

Lining,  Basic  or  Acid  . 

Ingots  or  Castings  . . . . 


H  "  Inq^ti"  state  rl.TR*  of  Steel  below  :— ' 


T<<-(M«irr") 


Entered 


X. 

I 


This  form  is  to  be  forwarded  each  Fort- 
night in  the  envelope  supplied,  to : — 

The  Controller  of  Forgings  and  Castings, 
C.F.  &  C. /Stats.. 
Ministry  of  Munitions  of  War, 

8  Noiihumbcrland  Avenue, 

London,  W.C.  a. 

Telegrams:  C.F.  &  C./SUts.,  Munorgize, 
London . 

Telephone:  Victoria  9210,  Ext.  177. 
(For  Trunk  Calls) : 

••  Munitions,  Victoria,  London." 

Note.— Should  your  Furnace  for  any 
reason  be  out  of  commission  during 
the  entire  fortnight  for  which  this 
return  i«  due,  please  send  in  your 
rcpoit  a»  usual,  marking  it  as  "Nil," 
.ind  giving  the  reason  for  the  stoppage. 


Signature  . 
Dale. 
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A    NEW    TYPE    OF    ELECTRIC    FURNACE. 


By  Axel  Sahlin. 

{Paper  received  23  September,  1918,  and  read  at  a  Joint  Meeting,  of  The   Institution-  and  The  Iron  and  Steel  Institute, 

8  .V<iv,  1919-) 


Introduction. 

The  electric  furnaces  hitherto  constructed  may  be 
divided   into   three   different   groups,    \-iz. 

(a)  Induction  furnaces  ; 

(b)  Furnaces  with  a  free-burning  arc  ;    and 

(c)  Furnaces    reh-ing    on    a    direct    arc    between    the 

metal  and  the  bath. 

The  first-mentioned  t>-pe  of  furnace  is  now  only 
occasionally  found. 

The  free-burning  arc  furnaces  have  found  favour, 
especially  for  work  where  it  is  desirable  to  avoid  any 
chemical  reaction  between  the  carbon  in  the  electrodes 
and  the  bath.  They  have  a  decided  advantage  in 
gi\Tng  the  means  of  heating  the  cold  furnaces  without 
the  introduction  of   any  charge  and  by  the  arc  only. 

On  the  other  hand,  they  have  the  disadvantage 
that,  as  soon  as  the  bath  is  formed,  the  heat  is  trans- 
mitted to  the  surface  only  and  no  circulation  is  set 
up  in  the  molten  metal. 

Many  furnaces  of  this  type  have  suffered  from 
defective  and  weak  mechanical  construction.  On  that 
ground  some  users  have  preferred  direct  arc  furnaces, 
in  spite  of  the  disadvantages  of  heaxy  and  cumbersome 
electrodes,  furnace  roofs  pierced  by  large  holes,  and 
the  necessity  of  using  a  source  of  heat  other  than  the 
electric  current  to  bring  the  furnace  up  to  melting 
temperature. 

The  furnace  which  is  the  subject  of  this  paper  has 
been  designed  with  a  \aew  to  embodying  the  advan- 
tages of  both  the  direct  arc  and  the  free-burning  arc 
furnaces,  at  the  same  time  avoiding  as  far  as  possible 
the  disadvantages  of  both. 

Description. 

The  furnace  is  built  as  a  circular  ladle  with  con- 
tracted top  and  dished  bottom.  The  shell  is  made 
of  hea\y  steel  plates,  riveted  together  with  |-inch 
rivets  closely  spaced.  The  plates  are  perforated  by 
f-inch  drilled  holes,  spaced  about  12  inches  apart  and 
serving  as  vents  for  moisture  contained  in  the  lining. 
The  top  rim  is  reinforced  by  a  hea\y  flat  hoop  riveted 
to  the  shell  plates.  The  steel  casting  trunnions  are 
riveted  to  the  shell  and  rest  in  bearings  set  so  as 
to  allow  for  expansion  and  alignment.  To  the 
overhanging  end  of  one  trunnion  is  keyed  a  crank 
which,  by  means  of  an  enclosed  screw,  running  in  oil, 
working  in  a  swivelled  crosshead  and  turned  by  hand- 
wheel  (or,  for  larger  furnaces,  b)-  motor)  serves  to  tilt 
the   furnace   to   any   desired   angle. 

The  bottom  of  the  furnace  is  made  up  of  a  layer 
of  coke  dust  and  tar  rammed  in,  supporting  double 
layers  of  brick.     On   top  of  this  is  rammed   and   fixed 


in  successive  layers  a  hearth  consisting  of  burnt 
dolomite  and  tar  for  basic  operation,  or  of  ganister 
in  case  the  acid  process  is  adopted.  Supported  and 
resting  on  the  firebrick,  outside  the  hearth,  is  placed 
a  circular  lining  backed  by  a  hea\y  insulating  layer 
of  asbestos  sheet  and  formed  of  circle-bricks  laid  with 
ground  joints  and  thin  mortar.  Tliis  lining  may  be 
made  of  magnesite  brick  for  basic  process,  or  of  silica 
brick  for  acid  process.  In  the  lining  are  placed  on  the 
same  vertical  lines  two  holes  for  each  pair  of  electrodes, 
and  one  door  opening  which  serves  both  to  charge 
the  furnace  and  to  pour  the  steel.  For  larger  furnaces 
one  tapping  hole  and  two  charging  doors  would  be 
a  better  arrangement. 

On  top  of  the  contracted  top  of  the  side  lining  rests 
the  dome-shaped  roof  built  of  basic  or  acid  brick  fitted 
in  a  circular  steel  frame,  forming  a  rigid  skewback. 
The  roof  joint  is  made  of  a  layer  of  powdered  dolomite 
or  ganister  spread  on  top  of  the  side  wall.  The  roof 
can  be  removed  by  crane  without  delay,  and  replaced 
by  another  preheated  roof  held  in  readiness  to  take 
its  place.  .\s  it  is  found  that  the  portion  of  the  roof 
opposite  to  the  arcs  is  affected  more  readily  than  the 
portion  nearest  to  the  electrodes  (which  is  protected 
to  a  certain  extent  by  the  shadow  of  the  latter)  the 
roof  can  be  turned  round  to  any  angle  desired.  Thus, 
when  the  weakest  portion  is  getting  thin,  the  hfe  of 
the  roof  can  be  prolonged  by  exposing  to  the  fiercest 
heat  the  section  of  the  roof  hitherto  more  protected. 

It  is  also  possible  to  charge  the  furnace  through 
the  top  by  remo\'ing  the  roof  while  the  charge  is  put 
in  place. 

Electrodes. 

The  electrodes  are  graphite  or  carbon  electrodes, 
of  cylindrical  form,  extended  as  they  are  burnt  away 
by  screwing  a  new  section  of  electrode  to  the  rear  end 
of  the  electrode  in  operation.  The  joint  is  made  by 
threaded  dowels  of  graphite.  The  electrodes  slide 
through  water-cooled  electrode  holders  made  of  steel 
pipes  welded  to  rings  at  the  front  and  back  ends. 
Nozzles  for  water  supply  and  discharge  are  tapped 
into  these  rings,  and  are  connected  with  rubber  hosa 
to  the  water  mains.  The  electrodes  are  wrapped  in 
sheets  of  asbestos,  mica,  or  fibre,  and  are  thus  insulated 
from  the  furnace  body. 

The  electrode  cooler  with  its  insulation  is  placed 
between  the  fixed  upper  and  sliding  lower  jaws  of  a 
clamp  which  is  pivoted  to  a  frame  bolted  to  the  furnace 
shell.  A  wedge  placed  beneath  the  lower  jaw  of  the 
clamp  causes  it  to  grip  and  firmly  hold  the  insulated 
cooler  with  the  electrode  sliding  through  the  same. 

The  top  part  of  the  clamp  is  extended  outward, 
forming   a   support   and    U-shaped   guide   for   the   slide 
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which  grips  the  rear  portion  of  the  electrode.  In  the 
hollow  interior  of  the  U-shaped  guide  works  a  screw 
which  engages  against  a  nut  held  in  place  by  prongs 
extending  from  the  electrode  holder.  If  the  screw  is 
turned,  the  electrode  holder  is  moved  toward  or  away 
from  the  furnace,  advancing  or  retiring  tlic  electrode. 
The  upper  portion  of  the  electrode  holder  is  insulated 
from  the  grip  by  a  sheet  of  fibre.  The  lower  swivelling 
portion  of  the  grip  is  closed  and  tightened  by  an  eye 
bolt  with  hand-wheel  nut.  liotli  halves  of  the  grips 
are  water-cooled,  and  are  fed  through  nipples  con- 
nected to  the  water  mains  by  rubber  hose.  Both 
grips  are  made  with  an  extending  wing,  to  which  is 
bolted  tlic  bronze  cable  s<xket  which  receives  the  end 
of  the  cables,  tr.insmitting  the  current  from  the  switch- 
board to  the  electrode.  Both  the  swivelled  guides 
are  adjusted  in  a  veitical  sense,  controHing  at  will 
the  inclination  of  the  electrodes. 

Electric  Arrangement  and  Wiring. 
The  number  of  electrodes  proposed  is  as  follows  : — 

For  a  furnace  hearth 

up  to  3  ft   6  in.  diameter     , .  . .  . .  i  pair 

from  3  ft.  6  in.  to  5  ft.  diameter  . .  . .  2  pairs 

from  5  ft.  to  7  ft.  diameter  •  •  3     „ 

from  7  ft.  to  9  ft.  diameter  . .  . .  4     ,, 

from  9  ft.  to  1 1  ft.  diameter  . .  . .  6     „ 

This  number  can  be  modified  according  to  circum- 
stances. 

The  electrodes  should  be  preferably  of  grapliite. 
varying  from  2  inches  up  to  6  inches  diameter,  according 
to  the  size  of  furnace  and  the  amount  of  current.  Kach 
pair  of  electrodes  enters  the  funiacc  in  the  same  vertical 
plane,  but  at  different  and  adjustable  angles. 

The  upper  electrodes  are  supplied  with  current.  The 
lower  electrodes.  a.s  well  as  the  furnace  bcnly  (and, 
if  the  furnace  is  going  to  be  use<l  largely  for  refining 
work,  a  Ixittom  tkctrfKle  bedded  in  the  hearth)  arc 
connected  with  tlic  common  of  the  transformer,  or 
earthed. 

For  a  one-pair  furnace,  direct  current  or  one-phase 
alternating  current  is  used. 

For  a  two-pair  furnace  it  is  prffcrable  to  employ 
two-phase  c\irrent.  gonerally  c.btaiiiod  by  tluee-phasc 
tra^^i'lr^u•rs  arranged  in  Scott's  couplmg. 

lor  a  three-pair  funi.icc  thrce-pli.isc  current  is  used, 
one  phase  Ijeing  couplwl  to  each  upin-r  electrode. 

I-or  furnaces  with  more  than  Uirec  jiairs  of  electrodes, 
groups  of  two  pairs  arc  coupled  in  parallel  ;  therefore, 
a  four-pair  electrode  furnace  uses  twri-pha.so  current, 
whereas  a  MX-pair  furnace  should  be  suppliwl  with 
threc-pha-^e  current.  If  for  any  re.ison  it  may  be 
found  desirablf.  the  upper  electrcKles  can  be  earthed, 
and  the  current  <an  be  »upplie<l  tliioiigh  the  lower 
electro»!e«.  A  bf)tt'.ni  clcrlriKle  lK-d<lri|  m  the  hearth 
may  1h-  uw<1  or  not  It  is  useful  when  refining  Ijecausc, 
M  the  lining  material  gets  very  hot.  it  becomes  a  good 
conductor  an'l  p.i.H»e«  the  current  through  the  bath 
into  the  Itottom  ilectrtwle  when  using  the  direct   arc. 

The  prr«»urc  of  the  supply  should  preferably  l>c 
tran»fortnrd  to  too  volt*  which,  by  pliigs  on  the  trans- 
former,  may  be  re*luced   at   option   to  80  or   70   volts. 


The  connections  for  a  two-pair  furnace  are  shown 
in  Fig.  1.  To  avoid  any  chance  of  shock  to  oper- 
ators, it  is  advisable  to  place  a  wooden  operating 
platform  over  the  floor    at    the    back    of    tlie  furnace 

HiA-tenaum  three-iivASe  line 

,1  A  A 

\      \       \  UiA-tenaum  circuit  -hreaXer 
\       \        \  with  tune  oveilaacl  rcLjj 


KUowdtt 
meter 


[AA/W 


Choke  cull 


O: 


Tranaformer 

A/WVi 

Irvt-hoiir 
meter 


CliDke  coil 


Sign^  lamps 
;YjAmp  meter 

'cBuiectian  to  earth 
Electrodes 


I  Bottom  electrode 
Fig.   I. — Diagram  of  wiring  of  a  two-pair  Sahlin  furnace. 

around  the  electrodes.  .Ml  the  elcctnxies  are  distri- 
buted around  the  half  of  the  circumference  of  the 
furnace  opposite  to  the  tapping  hole  and  charging 
doors.  For  the  smaller  sizes  of  furnaces,  the  electrodes 
are  fed  forward   by  hand-wheels. 

The  current  taken  is  observed  by  reading  kilowatt 
meters  placed  on  a  switchboard  suitably  located,  and 
receiving  the  feeders  from  the  transfonners.  It  seems 
to  me  an  advantage  to  pro%ide  choke  coils  to  steady 
the  current. 

Operation. 

Assuming  that  the  furnace  is  to  be  used  for  melting 
and  refining  steel,  the  first  operation  is  the  healing 
of  the  furnace  to  the  proper  teinpcrature.  This  is 
cfTccted  by  turning  on  current  and  gradu-iily  advancing 
the  points  of  the  convergent  electrodes  of  each  pair 
until  an  arc  is  fi>rmed.  Kxperimonts  have  jiroved 
that  as  long  as  the  points  of  the  electrodes  are  at  a 
certain    distanc*    from    each    other    an    arc    is    formed 


,\  \ 


^       A 


li. 


-Pircrt  arcs  observed  with  diflcrent  positions 
of  electrodes. 


between  the  two  electro<leK.  .\s  the  electrodes  a]>proacb 
each  other  this  arc  bends  outward,  forming  a  loop.  If 
the  distance  is  still  further  reduced,  the  loop  breaks 
,  and  the  arc  rushes  forward,  swerping  downward  toward 
;  the  surface  of  the  metal  like  a  brcx)m.  If  the  top 
electrode  is  advaiueil  In-vond  the  Ixitlom  electrode, 
the   broom    i.s  drtU-ited    downward    (see  Fig     2).     The 
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form  and  direction  of  the  arc  can  easily  be  modified 
by  altering  the  angles  of  the  electrodes  and  their 
relative  position  to  each  other.  The  free-burning  arc 
heats  the  furnace  while  empty. 

The  second  operation  would  be  the  charging.  When 
the  furnace  is  heated,  current  is  taken  off,  and  the 
electrodes  are  drawn  toward  the  back  wall  of  the  furnace 
to  prevent  their  being  injured,  while  the  material  to 
be  melted  is  thrown  or  pushed  into  the  furnace  through 
the  charging  door,  or  eventually  through  the  furnace 
top,  the  roof  ha\-ing  been  removed.  As  soon  as  the 
charge  has  been  placed  in  the  furnace,  the  electrodes 
are  advanced.  Experience  has  shown  that  numerous 
momentary  arcs  are  formed  between  the  upper  electrodes 
and  the  charge,  but  as  this  latter  is  melted  away  in 
the  ^•icinity  of  the  electrodes,  the  regular  free-burning 
"  broom  "  arc  is  formed  between  the  two  electrodes 
and  the  working  of  the  furnace  settles  down  to  normal. 
The  radiation  and  reflection  caused  by  the  free-burning 
arc  are  most  effective  for  rapid  melting.  As,  however, 
the  bath  is  formed,  this  kind  of  arc  reaches  only  the 
slag-covered  surface  of  the  metal,  causing  but  little 
circulation  in  the  interior  of  the  bath.  At  this  point, 
therefore,  the  free-burning  arcs  are  broken  by  the 
retirement  of  the  lower  electrodes  and  a  direct  arc  is 
formed  by  the  advancing  of  the  upper  inclined  elec- 
trodes toward  the  surface  of  the  slag.  If  the  bottom 
electrode  is  employed,  the  current  will  penetrate  toward 
this  bottom  electrode  which  is  earthed.  The  furnace 
is  now  working  on  the  lines  of  a  Girod  furnace,  and 
creates  an  electric  arc  which  causes  a  rapid  circulation 
in  the  bath  and  direct  transfer  of  heat  to  the  metal. 

In  furnaces  with  more  than  one  pair  of  electrodes, 
it  is  possible  to  have  some  of  the  electrodes  produce 
a  direct,  and  some  a  free-burning  arc,  thus  making 
use  of  the  effective  radiating  and  reflecting  action  of 
the  free-burning  arc,  at  the  same  time  as  the  bath  is 
agitated   by   the   direct  arcs. 

Special  Work. 

For  use  as  a  heating  furnace  for  very  high  temper- 
atures such  as  are  required  for  the  production  of 
graphite,  for  the  calcining  of  magnesite,  for  the  crystal- 
Uzing  of  bauxite,  for  special  crucible  work,  and  for 
other  similar  objects,  it  is  proposed  to  suspend  the 
furnace  shell  containing  the  side  walls  and  roof  with 
the  electrodes  and  the  electrode  mechanism  from  four 
lifting  rods,  operated  by  electric  motor,  hydrauhc 
cylinder,  or  windlass.  The  bottom  of  the  furnace 
(wliich  for  this  work  does  not  require  any  bottom 
electrode)  would  be  placed  on  a  truck.  On  this  portable 
bottom  would   be   placed,   in   proper   arrangement,   the 


material  to  be  heated.  The  loaded  truck  being  placed 
beneath  the  furnace  body,  this  would  be  lowered  on 
to  the  truck  enclosing  the  pile  of  material.  A  free- 
burning  arc  would  now  be  started  between  the  electrodes 
in  each  pair,  and  the  furnace  would  be  brought  up  to 
the  required  temperature.  The  material  ha\ing  been 
thoroughly  heated  or  calcined,  the  furnace  body  would 
be  lifted  from  the  truck,  which  would  be  run  away 
to  give  place  to  a  second  truck  loaded  with  fresh 
material.  The  loaded  trucks  could  be  preheated  in 
a  gas-fired  furnace  before  the  bottom  was  placed  under 
the  electric  furnace.  This  procedure  has  been  described 
only  as  an  indication  of  a  use  for  the  electric  furnace, 
filling  a  long-felt  want,  but  the  actual  arrangement 
of  the  plant  would,  no  doubt,  be  different  for  each  case 
and  should  be  separately  studied. 

Advantages. 

It  will  be  found  that  the  furnace,  as  above  described, 
is  of  a  very  strong  construction — rigid,  simple,  and 
durable.  All  the  surfaces  of  the  brick  Linings  are 
convex,  and  the  walls  will  therefore  be  held  in  position. 
The  surface  of  the  melting  room,  confined  by  spherical 
and  cylindrical  walls,  is  the  smallest  possible  for  the 
largest  volume,  and  the  amount  of  brickwork  in  the 
furnace  is  therefore  reduced  to  a  minimum.  The 
electrodes  are  easily  secured  in  place,  adjusted,  advanced, 
or  retracted  bv  means  of  hand-wheels.  There  are  no 
bolts  or  nuts  manipulated  by  wTenches  used  in  the 
adjustment  of  the  furnace,  ever5'  operation  being 
carried  out  by  hand-wheels  or  cotters.  The  roof  is 
sohd,  without  any  openings,  removable  and  exchange- 
able in  a  minimum  space  of  time.  The  furnace  can 
be  run  either  with  free-burning  arcs,  with  direct  arcs, 
or  with  free-burning  and  direct  arcs  working  simul- 
taneously side  by  side.  Changes  are  made  without 
cutting   off    the    current. 

When  the  furnace  is  emploj'ed  as  a  free-burning 
arc  furnace  no  chemical  reaction  between  carbon  of 
the  electrodes  and  the  bath  takes  place.  The  over- 
hanging length  of  the  electrodes  is  comparatively 
short,  and  the  arcs  are  formed  fairly  close  to  the  circular 
furnace  walls,  being  directed  inward  and  downward 
toward   the  centre  of  the   furnaae. 

The  Salilin  furnace  has  not  yet  been  placed  on  the 
market  owing  to  the  difficulty  of  obtaining  a  permit 
for  its  construction  during  the  war,  but  a  furnace  is 
now  being  built  in  Great  Britain  intended  for  the  pro- 
duction of  steel  ingots  and  castings. 


[The    discussion   on    this   paper    will    be    found    on 
page  276.] 
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Scope  of  Paper. 

The  early  historj-  and  development  of  electric  furnaces 
are  a  matter  of  general  knowledge,  and  are  not  dealt 
with  in  this  paper. 


crossing  of  the  currents  in  tlie  direction  of  flow  through 
the  bath. 

Kig.  2  is  for  furnaces  from  6  tons'  up  to  24  tons 
capacity :  two-phase  current,  each  phase  maintained 
entirely  separate  from  the  other,  with  each  end  of 
each  phase  terminating  in  an  electrode  above  the  bath. 
Long  experience  has  shown  tliat  bottom  electrodes, 
whilst  essential  in  small  furnaces,  are  x'erj'  undesirable 
in  large  furnaces. 

Fig.  3  is  for  furnaces  above  24  tons'  capacity':  three- 
phase  current,  each  phase  maintained  entirely  separata 
from  the  others,  with  each  end  of  each  phase  termin- 
ating in  an  electrode  above  the  bath. 


Fig.  I. 

The  author's  commercial  and  technical  experience 
with  small  and  large  electric  arc  steel-melting  furnaces 
has  led  him  to  favour  the  latter  for  ingot  making  on 
acxxtunt  of  the  more  advantageous  costs  and  conditions 
of  workmg  of  large  units.  The  smaller  furnaces  have 
a  vcr>'  large  held  in  foundry  work.  Observations  will 
1.'  (I   mainly   to   the   technical   requirements  of 

1  t  and  to  some  interesting  phenomena  on  all 

furnaces. 

Wiring  Diagrams  and  Shapes  of  Fitrnaces. 

The  wiring  diagrams  (Figs,   i,   2,  and   3)  give  what 

the   author   considct.s    to   be   the   l>est   connections    for 

M/cs  of  furn;uc«  : — 

7    t^  for   furnaces  iiji  to  6  tons'  capacity:   two- 

,  eadi  ph  I  entirely  scp.irale 

i  !,  With  fii  11  phase  coniiei  tcil 

to   iwp.iratc  electrodes  alx)vc   the   bath  and   the  <itlier 

<••"'      '    '  ■' !■    '■'..•-■-   ■■•nncctcd    to   separate   electrodes 

'h    of    the  furnace  at  opposite 

en'n   '■!  •'  Trlativc   top   electrodes. 

This  ari.i  the  requisite  bottom 

heating  for  sni^ll  lurnacci  aiiU  is  characterized  by  the 


Fig.  2. 

The  most  favourable  shapes  for  tilting  electric  furnace 
would  appear  to  be  : — 

I'p  to  6  tons  :  Rectangular  in  plan  and  in  elevation 
with  a  curved  bottom. 

From  7  to  24  tons  :   Octagonal  in  plan. 

Above  24  tons :  Octagonal  with  lengthened  back 
and  front  walls. 

Stationary'  furnaces  should  always  be  rectangular. 

The  above  shapes  cnsiirc  the  most  convenient  position 
for  the  electrodes  in  the  furnace  .and  help  to  ke«p  the 
furnace  walls  at  the  average  greatest  distance  from 
the  electrodes,  as  illustrated  in  I'igs.  4  to  6.  It  is  most 
essential  that  electrodes  should  be  in  the  positions 
shown  and  not  opposite  to  doors,  in  order  to  avoid 
the  breaking  of  clectro<Ics  when  material  is  thrown 
into  the  furnaces. 

A  s-ton  Stobie  electric  steel-melting  furnace  is  shown 
in  I"ig.  7. 

Arc  Thenomena. 

The  arc  phenomena  in  a  steel-melting  electric  furnace 
are  very  important  and  interesting.  The  arc  pn>per 
jumps  between  the  bath  and  whichever  jwrtion  ol  the 
electrode  is  nearest  to  the  bath.     As  this  point  is  always 
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changing,  the  arc  travels  irregularly  round  and  under 
the  lower  extremity  of  the  electrode,  and  is  seldom  at 
more  than  one  point  of  the  electrode  at  a  time.  The 
arc  proper  is  the  source  but  not  the  only  point  of 
heating  of  the  furnace  charge.  A  flame  of  carbonaceous 
gas,    measuring   in   large   furnaces   as   much   as   2    feet 


furnaces  by  strong  external  continuous  magnetic  fields 
were  then  made  in  order  to  ehminate  the  uncertainty 
of  coincidence  of  the  revohdng  magnetic  fields  with 
some  of  the  arcs  in  the  polyphase  systems  of  electric 
furnaces.  Powerful  lifting  electromagnets  were  used 
for  this  purpose.     Again,   the  many  other  factors  ex- 


long,  travels  over  the  bath  from  each  electrode.  This 
flame  is  quite  the  hottest  flame  in  commercial  use  and 
has  great  influence  on  the  distribution  of  heat  in  the 
furnace.  It  is  this  flame  which,  by  immediately  travel- 
ling upwards  in  some  designs  of  furnaces,  causes  therein 
excessively  quick  burning  away  of  the  roof  and  door 
arches.  It  will  rapidly  flux  the  banks  of  the  furnace 
if  allowed  to  impinge  thereon. 

Experiments  were  made  at  the  Stobie  Steelworks 
at  Dunston-on-Tyne,  near  Newcastle,  to  obtain  data 
as  to  the  cause  and  effect  ol  the  direction  of  travel  of 
the  flame  from  the  electrode. 

Some  control  was  obtained  over  the  direction  of 
the  flame  by  alterations  in  the  direction  of  rotation 
of  the  magnetic  field  of  the  supply  currents.  A  certain 
change  of  direction  of  the  flame  resulted  also  from 
varying  the  phase  reaching  each  electrode.  The  extent 
of  the  control  over  the  flame  was  sufficient  to  make  a 


Fig.  4. 

decided  change  in  the  speed  of  working  of  a  furnace 
and  in  the  wear  and  tear  of  the  hning.  Unfortunately, 
no  definite  rule  for  guidance  can  be  laid  down  at  present, 
as  the  matter  further  depends  upon  the  position  of 
the  flames  in  relation  to  each  other  and,  possibly,  the 
magnetic  fields  external  to  the  melting  chamber. 

Experiments    on    the   blowing   of   the   arc    flames   in 


Fig.  3. 


isting  within  the  arcing  zones  prevented  any  definite 
rule  from  being  framed  ;  but  by  a  careful  disposition 
of  the  electrodes  and  cables  in  an  installation  so  as  to 
cause  the  magnetic  fields  coincident  with  certain  arcs 
to  blow  the  arcs  in  a  desired  direction,  a  most  important 
increase  in  speed  of  melting  and  reduction  in  wear 
and  tear  of  furnace  lining  are  undoubtedly  obtained. 

In  some  types  of  electric  furnaces  arcs  are  maintained 
between  adjacent  electrodes  and  not  between  electrodes 
and  bath.  In  such  furnaces  the  property  of  inter- 
repulsion  of  arc  flames  is  utilized  in  order  to  fan  the 
flames   over   the   material   to   be   melted,    whilst  much 


Fig.  5. 

of  the  heat  energy  in  the  circuit,  viz.  that  in  the  arcs 
proper,  tra\-els  only  befrween  the  electrodes.  This 
is  the  cause  of  the  current  consumed  per  ton  of  steel 
melted  being  high  in  such  furnaces. 

It  was  once  believed  that  the  great  heat  (circa 
3,600°  C.)  of  the  arcs  in  an  electric  furnace  would  ha^■e 
a  detrimental   effect  on    the   steel.      !More  recent    ex- 
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pcrience  teaches  us  that,  so  long  as  a  steel  is  thoroughly 
deoxidized  Ixrforc  casting,  only  the  temperature  of  casting 


is  of  moment. 


Transformers. 


One  might,  with  reason,  say  that  the  heart  of  the 
electrical  equipment  of  an  electric  furnace  installation 


o     o     o 


® 


xi^ 


Fig.  o. 


is  the  transforming  apparatus.  Either  through  poor 
construction  or  short  capacity-  a  considerable  number 
of  transformers  attached  to  early  furnaces  gave  trouble. 


The  stresses  wliich  the  transformers  have  to  resist 
are  of  an  exceedingly  heavy  order.  The  plant  has  to 
withstand  occasional  short-circuiting  through  the  fur- 
nace and,  perhaps  once  t)r  more  in  its  hfe,  the  equivalent 
of  almost  a  dead  short-circuit.  It  has  to  allow  frequent 
breaking  of  the  circuits  under  heavy  overload  and, 
should  the  furnace  hands  be  careless  and  tlie  plant  be 
unprovided  with  proper  protective  devices,  of  occasional 
switching  direct  on  to   overload. 

The  re*|uirements  in   the  design  of  the   transformers 
are : — 

(i)  That  the  current  density  of  both  the  low-tension 
and  extra-high-tension  windings  shall  be  low 
enough  to  prevent  the  inevitable  overlcads 
from  unduly  heating  up  and  deteriorating  the 
insulation. 

(2)  The   ventilating  channels  in   the  windings  must 

be  specially  well  considered  so  as  to  provide 
low  resistance  paths  for  the  cooling  oil  without 
excessive  magnetic  leakage. 

(3)  That  windings  shall  be  braced  on  all  sides. 

(4)  The    low-tension   windings    shall    be   taped    with 

such  material  as  empire  tape,  in  addition  to 
press-spahn  or  similar  stiflf  insulation. 

(5)  All  clamps,  no  matter  how  small  they   may  be, 

should  be  anchored  to  the  transformer  frame- 
work. 

(6)  The  whole  of  the  apparatus  must  be  as  unyielding 

to  magnetic  stresses  as  mechanical  skill  can 
make  it. 


'^y^y/////////////^^ 


Fio.   7. — 3-ton  Stobie  furnace,  mounted  on  trunnions. 
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(7)  As  much  as  possible  of  the  total  reactance  required 
in  the  whole  of  the  furnace  instaUation  should 
be  incorporated  in  the  tremsformers. 

A  ver^'  few  years  ago  furnace  transformers  were  built 
upon  verj'  different  lines  from  the  above.     In  the  year 
1915  the  author  first  specified  the  taping  of  the  low- 
tension  winding  of  furnace  transformers  and  tlie  anchor- 
ing  of  all   clamps,    the  reason  for  these  requests  being    ; 
that   several   transformers   had    broken    down    through    | 
the  meeting  of  two  lengths  of  low-tension  copper  above 
the  windings,  and  that  the  shrinkage  of  wood  composing 
parts  of  clamps  allowed  several  clamps  to  fall  and  the 
tightening  bolts  had  narrowlj'  escaped  short-circuiting    \ 
the    low- tension    windings.     The    above    practice    has 
now  become  general  for  furnace  transformers. 

As  a  result  of  observations  of  the  breakdown  of 
some  furnace  transformers,  the  bracing  of  all  sides  of 
the  wndings  of  transformers  was  specified  by  the 
author  in  1917,  and  a  shell  type  of  transformer  embody- 
ing that  feature  was  designed  in  collaboration  mth  a 
well-known  transformer  firm.  The  design  has  now 
been  standardized   also   for  large   power  transformers. 

It  is  usual  to  have  several  tappings  broiight  out 
from  the  high-tension  windings  of  furnace  transformers, 
as  the  voltage  required  on  a  furnace  during  melting 
is  always  higher  than  when  finishing  a  heat.  All  such 
tappings  should  be  brought  away  from  the  central 
portions  of  the  wnding,  the  complete  high-tension 
winding  being  divided  into  two  at  the  mid-point  and  the 
tappings  bridged  across  th«  mid-point  to  cut  out  equal 
portions  of  each  half  of  the  windings  when  required. 
By  taking  the  tappings  out  in  this  waj',  the  insulation 
of  the  end  turns  of  the  high-tension  windings  can  be 
suitably  reinforced  to  withstand  anv  abnormal  voltage 
stress  on  switching  in   the  transformers. 

On  the  practical  side,  useful  results  have  been  ob- 
tained at  the  Stobie  Steelworks  by  limiting  the  current 
densit}'  in  transformer  windings  to  1,250  amperes  per 
square  inch,  the  induction  in  the  iron  to  about  12,000 
C.G.S.  lines,  and  the  temperature  rise  on  continuous 
full-load  to  45  degrees  C,  measured  by  the  increase 
in  resistance.  In  addition  to  pressure-testing  at  twice 
the  working  voltage,  an  over-potential  test  at  this 
double  voltage  is  made  on  the  high-tension  side,  the 
periodicity  being  increased  to  keep  down  the  magnetizing 
current.  The  low-tension  windings  of  large  furnace 
transformers  should  be  tested  at  a  potential  several 
times  greater  than  normal  by  being  connected  in  series, 
the  low-tension  coils  almost  invariably  being  designed 
for  parallel  working. 

Automatic  Electrode  Regulators. 

A  few  observations  on  automatic  electrode  regulators 
from  the  furnace  user's  point  of  view  may  be  useful. 
The  desiderata  in  automatic  regulation  mechanism 
include  sensitiveness  without  fragility,  and  simple 
setting  to  limits.  If  the  furnace  circuits  contain  two 
arcs  in  series,  it  is  necessary  that  the  energy  in  each 
such  two  arcs  should  be  balanced,  whatever  current 
is  flowing.  This  is  accomphshed  in  Stobie  electric 
furnaces    by    operating    one    electrode    motor    by    an 


automatic  current  controller  and  the  other  by  an 
automatic  potential  controller.  The  current  controller 
is  adjusted  to  give  the  hmits  of  current  required  and 
will  keep  its  electrode  at  any  position  at  which  such 
desired  current  will  flow.  The  potential  controller  is 
adjusted  so  that  half  the  available  phase  voltage,  i.e.  the 
normal  voltage  between  one  electrode  and  the  furnace 
charge,  is  maintained  on  the  electrode  it  controls. 
The  result  is  that  the  potential-regulating  motor  will 
keep  its  electrode  at  the  same  distance  from  the 
molten  steel  as  the  current-regulating  motor  keeps  the 
other  electrode,  as  at  that  distance  the  current  will  be 
normal  and  the  voltage  balanced. 

On  some  electric  furnaces  which  the  author  is  building 
for  other  steelworks  the  balancing  of  two  arcs  in  series 
is  automatically  controlled  in  a  different  nranner.  The 
current  regulator  is  connected  to  one  electrode  as  in 
the  pre\'ious  system,  whilst  the  potential  regulator 
connected  to  the  other  electrode  is  operated  as  follows : — 

A  shunt  from  each  electrode  to  the  bath  is  passed 
through  separate  solenoids  placed  side  by  side.  An 
armature  in  the  shape  of  a  bar  suspended  by  the  middle 
hangs  over  the  two  solenoids,  ^^^len  the  pull  of  one 
solenoid  exceeds  that  of  the  other,  one  end  of  the  bar 
is  pulled  down  on  to  contacts  which  operate,  through 
contactor  switches,  the  electrode  motor  in  one  direction. 
^^■hen  the  voltage  is  greater  on  the  other  solenoid, 
the  other  end  of  the  lever  is  pulled  down  by  that  solenoid 
and  the  electrode  motor  is  operated  in  the  opposite 
direction. 

Power  Factor. 

The  power  factor  of  an  electric  furnace  installation 
depends  upon  the  circuit  reactances  and  the  power 
factor  of  the  arc. 

The  power  factor  of  alternating  arcs  varies  from 
almost  unity  to  lower  than  0-7  in  the  case  of  arcs 
between  cold  hard  metals.  In  electric  furnaces  the 
power  factor  of  the  arcs  will  vary  with  the  steadiness 
of  the  arcs  and  the  materials  forming  the  arcing  points. 
As  is  known,  the  apparent  resistance  of  an  arc  varies 
with  the  current  passing  through  it,  being  high  for  a 
low  current.  The  voltage  wa\e  consequently  is  dis- 
torted and  forms  a  sharp  peak  at  the  commencement 
and  end  of  each  half  cycle,  with  a  strongly  marked 
depression  between.  The  current  wave  approximately 
retains  its  sine  shape,  and  a  lagging  power  factor  results 
without  anj-  phase  displacement. 

The  circuit  reactances  are  diNided  between  the 
transformers  and  the  leads.  Due  to  the  large  sizes 
of  conductors  used,  and  to  the  large  area  enclosed  by 
the  circuits,  reactance  in  furnace  work  has  a  tendency 
to  be  verj-  high,  unless  strictly  controlled.  At  the  same 
time,  ven,'  low  reactance  would  be  undesirable  on  large 
power  systems  in  view  of  the  frequent  short-circuits 
through  the  furnace.  The  total  impedance  on  short- 
circuiting  through  a  cold  charge  in  a  furnace  depends 
very  much  on  the  type  and  condition  of  the  scrap 
being  melted,  and  will  usually  be  quite  high  enough 
to  reduce  all  shocks  to  reasonable  hmits.  If,  however, 
a  short-circuit  takes  place  through  a  molten  steel  bath, 
the  impedance  will  be  relatively  low  on  account  of  the 
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good  conductJN-ity  of  the  bath,  unless  a  reasonable 
amount  of  reactance  is  incorporated  in  the  circuits. 
Such  short-circuits  are.  fortunately,  very  rare  in  well- 
designed  furnaces. 

The  total  impedance  voltage  at  the  moment  of  starting 
a  large  furnace  witlj  poor  scrap  sometimes  reaches  over 
90  per  cent.  With  average  scrap  it  ranges  between 
40  and  to  per  cent.  When  nn-lting  armour  scrap  or 
other  clean  heaN-j'  material  it  little  exceeds  the  reactance. 

A  15-ton  Stobie  furnace  gives  the  following  power 
factors  :  — 


On  melting 

When  charge  is  half  melted 
When  charge  is  almost  melted 
\\1icn  charge  is  meltwl     .  . 


084 
0-85 
0-87 
093 


The  average  im  relauon  to  the  magnitude  of  the 
load)  pwwer  factor  over  the  total  of  units  consumed 
at  the  Stobie  Steel  Company's  works,  including  all 
motors  for  fitting  shop,  cranes,  furnace  auxiliaries  and 
the  furnaces  themselves,  varies  between  o-86  and  o-88. 
The  furnace  load  is  about  90  jjer  cent  of  the  total  load, 
and  the  balance  is  taken  by  intermittent  lightly-loaded 
low-power-factor  motor  circuits.  It  can  therefore  be 
safely  stated  that  large  furnaces  such  as  the  lo-ton, 
i5-ton,  and  20-ton  Stobie  furnaces  give  an  average 
power  factor  of  fully  o-88  over  all  units  consumed. 

The  author  has  heard  it  stated  at  various  times  that 
one  or  other  particular  design  of  furnace  can  be  worked 
safely  at  almost  unity  power  factor.  Sooner  or  later 
one  hears  of  the  collapse  of  some  part  of  such  gear 
due  almost  certainly  to  serious  current  surges.  Con- 
siderable experience  in  the  designing  and  operating 
of  electric  furnaces  teaches  one  to  aim  for  safety  before 
unnecessarily  high  electrical  performance,  and  this 
rules  out  of  consideration  furnace  installations  with 
less  than  20  per  cent  impedance  voltage  when  short- 
circuited  across  the  electrode  terminals.  The  author 
aims  at  installing  plant  in  such  a  manner  that  on  dead 
short-circuit  the  power  factor  is  momentarily  reduced 
to  04  or  even  0-3.  This  need  not  mitigate  against 
the  excellent  normal  power  factors  already  mentioned. 

Electrode    Considerations. 

The  presence  of  electrodes  in  electric  arc  furnaces 
IS,  for  the  user  and  designer,  an  unfortunate  necessity. 
The  function  of  the  electrodes  is  to  con<luct  the  current 
into  th"  furnace  and  to  produce  an  arc  gap  in  each 
'  it,  in  order  to  localize,  as  far  as  possible, 

1  •  of  the  current  into  heat  at  the  requisite 

pomts  m  the  furnace.  The  desirable  characteristics 
of  an  electrode  arc  :  low  resistivity,  relative  incom- 
bustibility, and  cheapness.  No  material  combines 
these  qualities.  The  nearest  approach  is  found  in 
carbon,  and  one  lias  the  choice  between  amorphous 
and    ,  c.-irlx>n    electrodes.     The    resistivity    of 

the  ii  . .  variety  is.  roughly,  three  times  that  of 

the  gr.ii<itiljc.  'nui  enables  graphitic  electrodes  to 
l>e  made  oj  smaller  di,-»nictor  Uian  amorphous  ones 
for  cqu.il  current-carrying  capacity.  The  following 
table  gives   the  comparative   data  of    both    types    of 


electrodes,  including  the  diameter  of  electrode  sufficient 
to  carry,  in  practice,  10,000  amperes  safely: — 


Specific  miitanca 
per  cm.  cube 

Low«t 
tempera- 
ture of 
combus- 
tioo 

Diameter 

to  carry 

10,000 

ampere* 

Amorphous  electrode 
Graphite  electrode.. 

o- 00332  ohm 
0-00114     ,, 

5i3°C. 
624°C. 

20  in. 
12    .. 

Graphite  electrodes  have  not,  in  the  author's  opinion, 
progressed  among  electric  furnace  users  so  well  as 
'  they  would  have  done  had  unsupportable  claims  not 
I  been  made  in  their  favour.  This  is  a  matter  which 
would  not  concern  this  paper  but  for  a  ven,'  important 
point,  almost  invariably  overlooked  by  designers  and 
users  of  electric  furnaces,  which  should  be  ever  in  mind 
when  considering  the  engineering  features  of  large 
electric  furnace  installations.  This  point  is  "  skin 
effect." 

The  earlv  users  of  graphitic  electrodes  obtained  their 
experience  on  non-ferrous  furnaces  using  direct  current. 
\\Tien  such  electrodes  were  introduced  into  steel-melting 
furnaces,  which  were  all  supplied  with  alternating 
current,  it  was  found  that  the  electrodes  were  much 
too  hot  at  current  densities  far  below  the  maker's 
recommendations.  The  average  current  density  in 
the  main  current-carrying  area  of  an  electrode  in  an 
alternating-current  steel  furnace  being  roughly  tu-ice 
the  average  current  density  of  the  whole  area,  due  to 
skin  effect,  the  electrode  will  not  usefully  carry  as 
heav-y  a  total  current  as  is  generally  claimed.  This 
same  phenomenon  will  attain  considerable  importance 
in  other  parts  of  large  furnace  plant  and  lead  to  great 
loss  of  energy  and  materials,  unless  studied  in  detail. 

The  main  consumption  of  the  electrodes  in  ordinary 
electric  steel  furnaces  does  not  take  place  at  tlie  arcing 
end  of  the  electrodes,  but  results  from  the  surface 
burning  of  the  carbon  all  over  those  parts  of  the  electrodes 
which  are  inside  the  melting  chamber  and  up  to  a 
point  about  15  inches  above  the  roof.  On  looking 
inside  most  furnaces  the  electrodes  will  be  seen  to  be 
considerably  tapered  from  where  they  enter  the  roof 
down  to  the  arcing  ends.  Fully  75  per  cent  of  tlio 
heavy  expenditure  on  electrodes  is  wasted  through  this 
defect.  Various  attempts  to  prevent  this  costly  waste 
of  electrodes  have  been  previously  made,  such  as  (i) 
enveloping  the  carbons  with  asbestos  paste  held  in 
position  by  wire  netting  ;  (2)  coaling  the  electrodes 
with  non-burning  paints  ;  (3)  encircling  the  electrodes 
with  steel  collars  held  together  by  hinges  or  springs  ; 
(4)  surrounding  the  electrodes  with  water-c<H)led 
cylinders  extending  well  inside  the  furnace.  All  such 
metliods  have  met  with  failure  because,  by  the  first 
method,  the  asbestos  perishes  quickly  inside  the  melting 
chamber  and  is  expensive  to  apply  ;  in  (2)  the  non- 
burning  coatings  all  exj^and  and  fall  away  from  the 
non-expanding  carbon  electrode  ;  in  (3)  the  collars 
do  not  protect  red  hot  electrodes  from  the  air  above 
the  roof;   the  collars  are  not  efficient  in   keeping  back 
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the  flames  but  have  a  ver\'  short  life  and  are  expensive 
in  upkeep  ;  and  in  {4)  the  internal  jackets  are  most 
wasteful  of  heat  and.  further,  are  dangerous  inside  the 
furnace    and  veni-  ineffective. 

It  is  thought  by  some  people  not  acquainted  with  elec- 
tric furnace  practice  that  there  is  always  a  reducing  atmo- 
sphere inside  electric  furnaces  of  the  older  t%-pes  in  use. 
This  is  an  utterly  mistaken  notion,  which  is  proved  by 
the  ease  with  which  the  raw  materials  charged  into 
such  furnaces  oxidize,  even  without  the  help  of  iron 
ore  or  other  solid  oxidant. 

The  ca'use  of  the  oxidizing  atmosphere  inside  the 
older  electric  furnaces  is  the  crude  method  of  feeding 
the  electrodes  into  the  melting  chamber.  This  is  usually 
done  by  lca\-ing  in  the  roof  a  number  of  plain  holes 
equal  to  the  number  of  electrodes  which  have  to  be 
continuously  fed  into  the  furnace  ;  the  bricks  forming 
such  holes  support  annular  water  jackets  wlxich  fit, 
with  a  small  clearance,  new  electrodes.  The  heated 
gases  inside  the  furnace  continuously  pass  up  those 
clearances  l)etwecn  the  roof  and  the  electrodes.  The 
results  are  manifold  :  it  causes  the  clearance  to  be 
rapidly  increased  by  tlie  flames  burning  away  the 
electrodes  to  a  tapered  point  as  previously  explained  ; 
it  wastes  all  the  heat  value  of  the  gases  and  flames 
which  are  constantly  pouring  out  of  the  furnace  through 
the  electrode  holes  ;  it  lengthens  the  duration  of  a 
charge  in  proportion  to  the  heat  lost  through  the  roof 
holes  ;  the  escaping  flames  cause  the  electrode  gear 
and  current  conductors  over  the  roof  to  deteriorate 
rapidly  ;  and  the  undue  heating  of  the  electrode  terminals 
necessitates  their  being  water  cooled.  The  considerable 
effect  of  all  this  on  the  cost  of  producing  the  steel, 
quite  apart  from  some  loss  of  control  therefrom  over 
the  operations  of  the  furnace,  will  be  readily  apparent. 
.\t  first  sight  it  may  seem  a  simple  matter  to  close 
up  the  clearance  between  the  roof  of  a  furnace  and  the 
electrodes  passing  through  it ;  but  the  following  will 
illustrate  some  of  the  diffficulties. 

It  has  often  betn  attempted  to  make  the  water  coolers 
round  the  holes  a  sliding  fit  on  the  electrodes.  To 
enable  this  to  be  d'ine  the  electrode  must  be  machined 
to  size ;  a  most  expensive  detail  when  amorphous 
electrodes  are  used.  When  the  machined  electrodes  are 
placed  in  p^isition,  the  parts  which  are  inside  the  melting 
chamber  become  white  hot.  Every  time  an  electrode 
is  raised — a  constant  operation  in  electric  steel  melting 
— some  white  hot  or  bright  red  hot  part  of  the  electrode 
is  raised  into  the  air  above  the  furnace  r<x)f  and  bums 
away  at  the  surface  to  a  smalt  or  great  extent.  Kach 
such  reduction  in  diameter  of  the  electrode  commences 
or  increases  the  clearance  between  the  water  jacket 
and  the  electrrnle,  thus  only  delaying  f<)r  a  few  hours 
the  state  of  afl;iirs  existing  in  furnaces  which  start 
with  the  usual  large  clearance  round  the  electrode. 

The  difficulty  has  now  been  successfully  overcome 
in  a  Kimple  way.  Observations  showed  that  at  about 
2  feet  above  the  roof  in  mrist  furnaces  the  clc"ctr<jdcs, 
even  when  raised  for  charging,  are  seldom  at  a  tempera- 
ture at  whiih  tlirv  r.in  burn  ;  therefore,  that  is  the 
only  point  at  wlii<ii  ?»  permanently  gwxl  seal  can  be 
tr.  '^       If   an   elci  trtxic   is   closed 

h<  I  !  up  to  th.Tt  pi.iut,  the  burning 


away  of  the  electrode  and  the  escaping  of  the  heated 
gases    from    the    furnace    are    prevented. 

In  practice,  a  light  metal  cylinder  a  few  inches  larger 
in  diameter  than  the  electrode  and  about  2  feet  in  length 
is  fixed  on  the  roof  round  each  electrode.  The  top  end 
of  the  jacket  is  covered  with  a  sealing  plate  which 
prevents  the  passage  of  the  flames,  the  electrode  passing 
through  a  neatly  fitting  hole  in  the  centre  of  such 
cover.     Fig.   8  illustrates  the  effect  of  the  apparatus. 

In  this  figure  .\  shows  a  new  electrode  when  first 
placed  in  an  electric  furnace. 

n  shows  the  effect  when  the  electrode  has  been  in 
use  for  a  few  hours.  The  surface  inside  the  furnace 
is  burnt  away  by  the  internal  atmosphere  and,  as 
the  electrode  is  red  hot  above  the  roof,  the  electrode 
also  bums  away  there  in  the  free  air. 

C  shows  the  effect  of  raising  the  electrode  for  melting 


Tig.  9. — Stobie  electrode  economizer. 

a  fresh  charge.  That  part  of  the  electrode  where  the 
surface  has  l)een  burnt  away  inside  the  furnace  has 
to  be  raised  partly  above  the  roof.  This  results  in 
an  immediate  extension  of  the  clearance  between  the 
electrode  and  the  electrode  hole  in  the  roof.  The 
result  is  that  the  flames  rush  out  of  the  furnace  through 
the  roof  and  rapidly  burn  away  the  electrode. 

D  illustrates  the  usual  way  of  sealing  the  electrodes. 
Canister  or  similar  material  is  thrown  against  the 
elcctro<le  to  seal  up  the  clearance  in  the  clectiDdc  hole. 

E  shows  how  the  ganister  stem  is  cut  away  by  the 
electrode  when  the  latter  is  again  lowered. 

E  shows  the  uselessness  of  the  ganister  stcninimg 
immediately  the  electrode  is  again  raised,  due  to  the 
thick  part  of  the  electrode  having  created  almost  as 
much  clearance  between  the  electrode  and  the  ganister 
as  there  was  between  the  electrode  and  the  original 
roof  hole. 

G  illustrates  the  earliest  attempt  the  author  made 
to  remove  the  sealing  of  the  electrode  away  from  the 
roof.  This  wa.^  not  successful  l)ccause  of  the  still  red 
hot  elertrodc  alxivo  the  riM)f  burning  away  in  the  air. 

H  illustrates  the  result  of  the  above  short  economizer. 
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From  this  drawing  will  be  appreciated  the  very  small 
advance  that  this  or  any  other  short  seal  constitutes 
over  the   early  methods  of  seaUng. 

J  (Fig.  8)  and  Fig.  9  show  the  present-day 
economizer  which  forms  the  subject  of  letters  patent. 
It  is  only  by  removing  the  electrode  seal  to  a  position 
well  above  the  roof  where  the  electrode  is  always  below 
combustion  temperature  that  the  effectiveness  of  the 
present  scheme  is  obtained. 

K  and  L  show  the  same  principle  of  economizer  in 
telescopic  form  suitable  for  furnaces  having  only  a 
short  electrode  travel.  The  conditions  that  exist  in 
an  electric  steel  furnace  are  even  more  onerous  than 
an  inspection  of  these  drawings  would  lead  one  to 
assume.  The  reason  for  this  is  that  electrodes  are 
not  raised  only  when  a  fresh  charge  is  put  into  the 
furnace,  but  they  are  being  raised  or  lowered  constantly 
for  the  ordinary  regulation  of  the  current  on  the  furnace. 
The  efifect  of  this  necessar^^  regulation  is  that  the  elec- 
trodes are  moved  an  average  of  once  each  5  to  10 
seconds  during  the  first  third  of  the  process,  an  average 
of  every  half  minute  during  the  second  third,  and  an 
average  of  every  minute  during  the  last  portion  of 
the  process. 

This  most  important  advance  in  electric  furnaces 
gives  results  much  beyond  what  might  be  expected 
from  so  simple  a  device,  several  of  the  improvements 
being  as  follows  : — 

(i)  No  cold  air  is  drawn  into  the  furnace. 

(2)  No  flames  or  highly  heated  air  burn  away  the 
electrodes  above  the  roof. 

(3)  A  reaUy  reducing,  carbon-depositing  (when 
desired),  atmosphere  is  maintained  within  the  melting 
chamber. 

(4)  The  oxygen-free  atmosphere  of  the  furnace 
prevents  the  burning  of  the  electrodes  inside  the  furnace 
except  at  the  arcing  ends  and,  therefore,  electrodes 
remain  parallel  instead  of  tapering. 

(5)  The  electrodes  can  be  of  smaller  diameter  for  a 
given  current  supply.  This,  in  addition  to  cutting 
down  electrode  costs,  permits  a  reduction  in  the  size 
of  the  electrode  holes  in  the  roof,  thereby  adding  great 
strength   to   the   roof. 

(6)  The  life  of  the  roof  is  considerably  increased 
because  the  thick  carbonaceous  atmosphere  inside  the 
furnace  acts  as  an  opaque  curtain  through  which  the 
intense  heat  of  the  arcs  cannot  be  radiated  upwards 
to  the  roof. 

(7)  The  flames  inside  the  furnace,  not  being  able  to 
pass  out  at  the  electrode  holes,  travel  all  over  and 
among  the  charge  and  heat  this  up  rapidly  and  very 
economically. 

(8)  The  electrode  gear  over  the  furnace  does  not 
become  intensely  hot  as  in  older  furnaces.  Any  adjust- 
ments required  in  the  electrode  gear  over  the  roof  can 
therefore  be  done  in  comfort  by  the  furnace  attendants 
while  the  furnace  is  at  top  heat.  The  coolness  of 
the  gear  renders  the  frequency  of  such  adjustments 
negUgible.  In  the  same  way  the  absence  of  the  great 
columns  of  flames,  which  continuously  rise  through 
the  electrode  holes  of  other  furnaces  and  which  radiate 
intense  heat  all  around,  renders  the  Stobie  furnaces 
much  cooler  to  work. 


(9)  In  consequence  of  the  exclusion  of  free  air  from 
the  furnace,  and  the  absolute  control  which  this  permits 
over  o.xidation,  scrap  steels  containing  o.xidizable 
elements  such  as  clu'omium,  tungsten,  manganese,  and 
even  vanadium,  can  be  easily  melted  without  losing 
the  special  elements  from  the  bath.  In  other  furnaces 
the  major  portion  of  such  elements  is  first  oxidized 
out  of  the  charge  into  the  slag  and  has  then  to  be  skil- 
fully recovered,  if  possible,  at  great  expense  in  time 
and  current,  ^^^len  melting  scrap  which  it  is  desired 
not  to  change  at  all  in  analysis,  the  carbon  content 
does  not  vary  by  more  than  a  point  up  or  down.  It 
is  thus  not  necessary  to  analyse  the  molten  bath  in 
order  to  adjust  the  carbon  and  other  elements  when 
melting  scrap  giving  the  arithmetical  proportions  of 
the  desired  composition. 

(10)  The  absence  of  heat  from  the  electrode  gear 
enables  the  current  terminals  of  the  electrode  to  be 
made  of  light  copper  contacts  built  up  of  standard 
copper  bars,  instead  of  the  usual  intricate,  heavy, 
water-cooled  bronze  castings  necessary  in  other  designs. 

(11)  By  preventing  the  heavy  heat  losses  which 
formerly  took  place,  the  cost  of  manufacturing  electric 
steel  has  been  correspondingly  reduced  and  the  time 
required   per   heat   diminished. 

(12)  The  sealing  of  the  roof  of  furnaces  by  means 
of  the  economizer  results  in  the  furnace  being  much 
cooler  for  the  furnace  men  to  operate.  This  and  the 
increased  output  from  the  plant  very  greatly  reduce 
labour  considerations  for  a  given  output  of  steel.  This 
is  of  great  moment  nowadays  in  view  of  the  high  cost 
of  labour. 

Circulation  of  Bath. 

Claims  are  made  by  some  furnace  manufacturers 
that,  by  reason  of  the  electrical  system  or  the  position 
of  the  current  circuits  in  their  furnaces,  an  automatic 
stirring  or  circulation  of  the  molten-metal  bath  takes 
place.  It  is  also  claimed  that,  in  consequence  of  such 
circulations,  no  manual  rabbling  of  the  charge  is 
necessary. 

A  careful  research  on  the  subject  has  been  carried 
out  at  the  Stobie  Steelworks  and  the  results  are  of 
interest. 

Many  years'  observation  of  the  working  of  electric 
steel  furnaces  had  not  revealed  any  movements  of 
the  steel  bath  except  such  as  were  due  to  well-known 
causes  ;  therefore  it  was  decided  to  devise  means 
whereby  closer  observation  of  the  effects  of  electric 
circuits  through  molten  metal  could  be  made  than 
was  possible  in  a  steel  furnace  working  at  temperatures 
up  to  1,800°  C.  Mercury  presented  itself  as  a  suitable 
substitute  for  a  hot  steel  bath,  as  it  resembled  molten 
steel  in  being  a  liquid  metal  and  magnetically  inert. 
The  resistivity  of  mercury  at  atmospheric  temperature 
is  approximately  two-thirds  that  of  molten  steel.  Its 
specific  gravity  is  twice  that  of  molten  steel. 

Separate  e.xperiments  with  single-,  two-phase,  and 
three-phase  currents,  and  representing  every  known 
type  of  furnace  with  arcs  plaj-ing  on  the  bath,  were 
made. 

The  size  of  the  bath,  the  quantity  of  mercury,  and 
the    current    flowing    were    proportioned    to    represent 
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average  practice,  but  on  a  reduced  scale.  Two  voltages 
were  separately  used  for  each  s>-steni  of  connections  : 
one  low  enough  to  enable  the  full  current  to  be  passed 
through  the  bath  without  arcs,  and  a  lugher  one  to 
pass  the  current  tlirough  arcs  above  tlie  batli  as  in 
normal  steel  melting. 

.\11  the  diflerent  furnace  s\-stems  e.vliibited  the  same 
eflects  when  current  was  switched  on. 

.\t  low  voltage,  with  the  electrodes  immersed  in 
the  metal,  the  obser\ed  motion  of  the  bath  consisted 
of  a  ver>'  faint  pulsation  coincident  with  tlie  periodicity 
of  the  current.  The  amplitude  of  tlie  pulsation  was 
greatest  near  each  electrode  and  dinvinishcd  with 
distance  according  to  the  law  of  inverse  squares.  These 
\-ibratjons  which  originated  at  each  electrode  were 
so  small  that  they  were  detected  at  the  surface  only 
by  the  minutely  throbbing  reflection  of  incident  rays. 
There  was  no  trace  of  a  circulating  or  swirling  motion 
in  any  part  of  the  molten  bath. 

As  soUd  conductors  heavily  loaded  with  alternating 
current  always  vibrate,  it  was  considered  tliat  the 
minute  waves  observed  in  the  mercurj'  bath  might 
originate  from  the  vibration  of  the  electrodes  immersed 
therein  and  not  from  tlie  passage  of  the  current  through 
the  hquid  metal,  in  consequence  of  tlie  much  greater 
area  of  the  latter.  Therefore  the  current  was  next 
made  to  flow  round  entirely-insulated  copper  circuits 
immersed  in  the  bath.  The  same  t>-pes  and  strength 
of  electric  current  were  employed  as  in  the  pre\^ous 
experiments.  Exactly  the  same  pulsations  were  noticed 
at  the  surface  of  the  bath  and  a  total  absence  of  flowing 
motion. 


I 


The  flowing  movement  of  the  slag  under  the  arcs, 
visible  in  an  electric  steel  furnace  when  the  bath  is 
covered  with  a  fluid  slag,  has  doubtless  given  rise  to 
the  common  belief  in  a  stirring  of  the  metal  bath  by 
the  current.  The  movement  in  the  slag  results,  how- 
ever, from  the  blowing  action  of  the  electric  arcs,  and 
it  will  stop  immediately  if  the  electrodes  be  lowered 
into  the  slag. 

During  tlie  course  of  the  above  experiments  it  was 
noted  that  the  greatest  pulsating  disturbance  of  the 
mcrcurA'  was  when  the  arcs  played  directly  upon  it. 
That  disturbance  was  purely  local  and  diminished 
considerably  when  a  higlily  conducting  fluid  "  slag  " 
was  placed  on  the  metal.  The  violence  of  the  blowing 
action  of  an  alternating  arc  on  liquid  metal  is  observed 
in  a  commercial  electric  furnace  if  an  arc  is  struck  on 
to  the  bare  steel  after  the  removal  of  the  slag.  The 
steel  will  be  blown  away  downwards  from  the  elec- 
trode end  and,  on  reboundmg,  will  usually  short-circuit 
the  arc.  The  addition  of  a  fluid  slag  will  reUeve  the 
metal  of  the  disturbance,  as  the  slag  will  take  up  the 
blowing  effort.  The  research  conclusively  proved  that 
no  circulatory  or  other  stirring  movement  of  the  bath 
results  from  the  electrode  circuits  in  an  electric  arc 
furnace.  The  more  or  less  complete  diffusion  of  added 
elements  which  takes  place  in  a  bath  of  molten  steel 
is  a  metallurgical  phenomenon  that  occurs  in  all  steel- 
melting  furnaces,  whether  electric  or  other,  and  does 
not  depend  upon  magnetic  or  convection  currents. 
Xo  special  conditions  exist  in  any  electric  arc  furnace 
which  will  relieve  the  good  steel  niclter  from  the  neces- 
sity of  properly  rabbling  liis  furnace  bath. 


Discussion   .vt  a   Joint   Meeting   of  The  Institution  and  the  Iron  and  Steel 

Institute,  8  May,  1919. 


After  some  introductory  remarks  by  Mr.  E.  Schneider 
(President  of  the  Iron  and  Steel  Institute)  and  Mr. 
C.  H.  Wordingham,  C.B.E.  (President  of  the 
Instil\ition), 

Mr.  F.  W.  Harbord  :  So  far  as  steel  manufactuie 
is  c<)nceme<l  the  clecUic  furnace  is  used  either  for 
refining  molten  metal  from  an  open-hearth  or  Bessemer 
converter,  or  for  the  pro<luction  of  steel  from  cold  scrap. 
All  the  furnaces  are  very  similar,  and  from  a  metal- 
lurgic.il  point  of  view  there  is  vcr)'  little  to  choose 
between  them  ;  in  so  far  as  they  vary,  whatever  small 
advc-intages  some  might  have  arc  in  the  form  of  the 
tiltmg  arrangements  and  other  mechanical  details. 
The  real  differences  which  exist  are  in  the  electrical 
connections,  and  I  do  not  feel  in  a  position  to  express 
any  definite  opinion  as  to  which  is  the  best  of  the  various 
arr  '      '   M.rilxKl  in  the  iwpcrs,  as  they  all  have 

cr:  'S   and   ilisaclv.intages.         During  the    j 

war  rt  A.tiy  Urge  number  of  electrical  furnaces  of 
diflrrrnl  types  have  been  erected,  and  one  rc-sult  is 
that  the  indurtion  funiacc  )\an  not  been  able  to  hold 
ita  own  :  as  far  as  I  am  aware,  practically  all  the 
furnace*  which  have  l>ccn  erected  during  the  war  have 
bc«n  of  the  electrode  type.  Hie  dis^ulvantagc  of  the 
elcctrr>dc  type  is  that  the  clectro<les  weaken  the  roof  . 
of  the  furnace  very  much  and  take  up  a  considerable   , 


amount  of  space  in  the  hearth  of  the  furnace,  and  what 
is  required  is  a  furnace  so  designed  that  it  will  be  as 
eflicient  electricAlly  as  the  electrode  furnace  but  without 
carb<m    electrodes.     If    that    problem    can    be    solved 
it  will  be  a  verj'  great  benefit  to  steel  manufacturers 
and  greatly  increase  the  usefulness  of  electric  furnaces. 
The  refining  of  open-hearth  steel  and  csjiecially  Bessemer 
steel  in  the  electric  furnace  has  made  little  progress  in 
this  country,  but  was  largely  done  in  Germany  before 
the  war  and  also  in  America.     Bessemer  steel  is  liatile 
to  be  somewhat  over-oxidized,  but  if  after  it  is  practically 
finished  it  is  jxjured  into  an  electric  furnace  and  kept 
there  for  about   i^  hours,  it  is  largely  dc-oxidized  and 
impurities  remaining  consiilerably  removed  ;  the  gases 
have   time   to  escape,   and   cxifcrience  shows  that   the 
product  obtained  is  equal  to  the  high-class  open-hearth 
steel.      Whether   it    would    be    better    to    put    clown 
oix-n-liearth    furnaces,    or    whether  it  w«iuld  be  better 
to    have   a  combination    of    Bosscnier    plant    with   the 
electric  furnaces  in  any  given  ca,se  would  cieix-nd  partly 
on  metallurgical,  but  l.irgrly  on  eciinoniic  considerations, 
such  as  cost  of  current  and  pip  iron,  quality  of  product 
re<]\iired.  etc.     Another  cjiic-stion  raisc<l  in  the  papers  is 
the  direct  reduction  of  ores  by  the  electric  furnace.     The 
ore-reduction  furnace  is  a  sort  of  blast  furnace  heated 
electrically,  and  theoretically  it  has  in.iny  advantages, 
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but  practically  it  has  not  proved  to  be  either  as  efficient 
or  economical  as  was  anticipated  some  years  ago.  I 
have  seen  a  number  of  these  furnaces  during  the  last 
lo  years  and,  although  a  certain  amount  of  progress 
has  been  made  since  they  were  first  tried,  the  fact  must 
be  faced  that  the  output  is  still  extremely  small.  Under 
conditions  where  the  problem  is  to  make  an  extremely 
pure  iron  equivalent  to  the  best  Swedish  charcoal  iron, 
and  where  there  is  very  cheap  power,  the  electric  blast 
furnace  may  compete  with  the  charcoal  furnace,  but  the 
charcoal  furnace  produces  only  about  150  tons  a  week, 
whereas  the  modern  blast  furnace,  working  on  coke, 
will  produce  anything  from  1,000  up  to  3,000  tons. 
As  a  competitor  of  the  modern  blast  furnace  producing 
ordinary  commercial  iron  such  as  is  used  all  over  the 
world  to-day,  at  present  there  seems  no  possibility  of 
the  electric  furnace  being  able  to  hold  its  own. 

Dr.  J.  E.  Stead  :  With  regard  to  the  Bessemer 
process  combined  with  electric  refining,  it  seems  to  me 
that  with  pig  metal  of  such  very  high  value  as  it  has 
now  become — and  likely  to  be  maintained — the  Bessemer 
process  is  doomed  for  ever.  If  Mr.  Cooper,  of  Middles- 
brough, were  present,  he  could  mention  that  his  firm  is 
entirely  abandoning  the  Bessemer  plant  and  replacing 
it  with  open-hearth  furnaces.  The  advantages  of  the 
electric  furnace  in  the  duplex  processes  is,  however, 
not  confined  to  Bessemer  steel,  but  more  extensively 
to  open-hearth  steel.  It  is  perfectly  well  known  that 
in  the  ordinary  processes  of  making  basic  open-hearth 
steel  there  is  a  certain  amount  of  sulphur  and  phos- 
phorus left  in  the  finished  metal,  and  by  transferring 
it  into  the  electric  furnace  and  oxidizing  it,  much  of 
the  phosphorus  is  eliminated  ;  and  after  removing 
the  slag  and  adding  lime  the  gresiter  part  of  the  sulphur 
is  removed  and  very  pure  steel  is  in  this  way  produced. 
That  is  the  direction  in  which  we  in  Middlesbrough, 
at  any  rate,  and  in  places  where  basic  steel  is  being 
melted,  expect  to  move  in  the  future. 

Mr.  A.  G.  Kills  :  These  papers  are  valuable  as  a 
comprehensive  record  of  progress  in  electric  furnace 
work  in  England.  I  do  not  remember  having  seen 
such  a  complete  record  since  the  article  on  "  Electric 
Steel,"  by  Dr.  Guggenheim  in  the  Elektrotechnische 
Zeitschrift  of  the  14th  May,  1914.  In  that  article, 
the  total  production  of  electric  steel  for  the  year  19 12 
is  given  as  135,000  tons  for  France,  Germany,  Austria- 
Hungary  and  America.  The  fact  that  this  country  is 
not  mentioned  emphasizes  the  progress  made  in  this 
short  number  of  years,  as  is  recorded  in  the  tables  in 
Mr.  Mercer's  paper.  The  capacity  of  an  electric  furnace 
is  limited  by  the  voltage,  current,  and  number  of 
phases.  So  far  as  transformers  are  concerned,  there 
is  practically  no  limit  to  the  size  of  transformer  which 
can  be  constructed,  as  is  pointed  out  in  a  recent  paper 
on  "  Large  Power  Transformers  "  in  which  I  collab- 
orated.* I  presume  that  the  cost  of  producing  steel 
electrically  decreases  with  the  capacity  of  the  furnace, 
and  I  should  like  to  hear  from  the  authors  of  these 
papers  to  what  extent  this  is  so.  Mr.  Bibby  has  done 
a  considerable  amount  of  work  in  increasing  the 
capacity  of  steel  furnaces  by  increasing  the  number  of 
phases.  For  a  given  range  of  voltage,  the  other  limiting 
•  Journal  I. EE.,  1911,  vol.  57,  p.  547. 
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factor  is  the  current,  which  is  practically  fixed  by  the 
maximum  size  of  electrode  which  can  be  obtained 
and  satisfactorily  operated.  In  his  paper  Mr.  Mercer 
mentions  a  maximum  current  of  11,000  amperes  for 
a  12-inch  graphite  electrode.  I  should  like  to  hear 
from  the  authors  in  their  replies  whether  this  will  not 
be  improved  upon,  and  also  what  they  consider  to  be 
the  maximum  current  v/ith  which  they  expect  to  be 
able  to  deal.  So  far  as  transformers  are  concerned, 
these  can  be  designed  and  built  for  currents  up  to 
50,000  amperes,  so  that  it  may  be  anticipated  that 
transformers  will  be  obtainable  which  will  be  capable 
of  fulfilling  any  of  the  requirements  of  electric  furnaces. 
As  an  engineer  who  is  responsible  for  the  design  and 
construction  of  transformer  equipment  for  electric 
furnaces,  I  wish  to  make  a  few  remarks  on  this  side  of 
the  question.  With  regard  to.  Mr.  Stobie's  remarks 
on  transformers  (page  270),  I  agree  with  him  that 
particular  attention  should  be  paid  to  making  a  sound 
job  of  the  transformers  both  electrically  and  con- 
structionally.  Mr.  Stobie  refers  to  the  transformer  as 
"  the  heart  of  the  electrical  equipment  of  an  electric 
furnace  installation  "  ;  this  is  certainly  true,  but  the 
same  amount  of  consideration  should  be  given  to  the 
switchgear  and  voltage-regulating  gear  as  this  is  often 
liable  to  be  a  seat  of  trouble,  especially  where  a  large 
number  of  tappings  or  complicated  connections  are 
involved.  I  agree  with  Mr.  Stobie's  general  requirements 
regarding  transformers,  but  I  suggest  that  the  question 
of  designing  transformers  to  meet  the  severe  conditions 
of  furnace  operation  would  be  more  easily  met  if  furnace 
builders  and  users  would  place  more  definite  information 
of  their  operating  requirements  at  the  disposal  of  the 
manufacturers,  rather  than  that  operators  should 
endeavour  to  specify  details  of  design  to  manufacturers 
with  anything  up  to  a  quarter  of  a  century's  experience 
in  transformer  design  and  manufacture.  Trouble 
experienced  due  to  short  capacity  of  transformers 
attached  to  early  furnaces  has  not  been  due  to  lack 
of  liberality  in  the  transformer  designs,  but  more  to 
lack  of  knowledge  of  the  actual  capacity  required  for 
the  furnaces  which  the  transformers  were  called  upon 
to  feed.  It  appears  to  me  that  the  capacity  of  the 
earlier  furnaces  was  determined  by  a  process  of  trial 
and  error,  consisting  in  building  a  furnace  and  running 
it  up  to  its  maximum  output,  often  throwing  heavy 
continuous  overloads  on  the  electrical  equipment. 
In  view  of  the  information  collected  in  the  tables 
of  Mr.  Mercer's  paper,  it  should  be  possible  to 
determine  with  a  fair  degree  of  accuracy  the  rated 
kilovolt-amperes  for  furnaces  of  various  capacities 
in  tons.  If  the  furnace  makers  would  get  their 
information  on  this  side  of  the  question  in  order 
and  determine  the  maximum  continuous  rating  of  the 
transformer  on  the  British  Standard  basis,  and  adopt 
this  as  uniform  practice,  a  good  deal  more  uniformity 
and  certainty  could  be  achieved  than  by  specifying 
current  densities  in  the  winding  at  some  fictitious 
nominal  rating.  The  figure  of  1,250  amperes  per  square 
inch  given  in  Mr.  Stobie's  paper  indicates  nothing  unless 
the  maximum  continuous  overload  be  specified  ;  as 
a  matter  of  fact,  maximum  current  densities  up  to  double 
this  value  can  quite  safely  be  employed  if  proper  atten- 
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tion   is   given   to   cooling   the   windings   scientifically. 
On  this  point,  while  liberal  ducts  offering  low  resistance 
to  the  flow  of  oil  are  commendable,  these  are  of  little 
use  if,  at  the  same  time,  the  width  of  the  coils  is  not 
kept  within  a  low  limit  so  that  the  heat  can  be  readily 
transmitted  from  the  centre  of  the  windings  to  the  oil 
ducts.     Regarding  the  question  of  coil   bracing,   there 
is  no  doubt  that  this  is  of  considerable  importance  in 
furnace    transformers   owing    to    the    rapidly    varj-ing 
load    and    shocks    due    to    short-circuits    through    the 
furnace  at  the  melting  period.     When  comparing  this 
service   with   that  of  ordinary   power  transformers  on 
large   systems,    tlie   following   points   should,    however, 
be  borne  in  mind  ; — The  total  reactance  of  a  furnace 
transformer,  low-tension  leads  and  furnace,  is  very  high. 
During  the  melting  period,  it  may  be  as  high  as  70  to 
So  per  cent,  and  during  the  refining  period,  40  per  cent 
of   the  normal  voltage.      Under  these  conditions  the 
current   in  the  transformer,  even  with  a  dead   short- 
circuit  through  the  furnace,  is  only  of  the  order  i  •  25 
and    2-5   times   full-load   current   respectively.     In   an 
ordinary  power  transformer,  the  total  reactance  should 
be  about  6  per  cent,  corresjxinding  to  a  short-circuit 
current  of  about  17  times  full-load  current.     Since  the 
stresses  on  the  wintlings  vary   with  the  square  of  the 
current,  it  is  evident  that  furnace  transformers  on  account 
of  their  inherent  high  reactance  are  subjected  to  rela- 
tively much  lower  stresses  than  transformers  on  power 
systems,  although  the  stresses  in  a  furnace  transformer 
are    continually    varj-ing    with    the    lluctuating    load. 
In  considering  the  statement  in  par.  3,  page  270,  that 
■"  the  windings  shall  be  braced  on  all  sides,"  the  quali- 
fication is   necessan,'  that  the  design  of  the  windings 
should   be  examined   with  a  view  to  ascertaining  the 
possible    directions   in   which    the  coils  tend  to  move 
by  magnetic  interaction.     This  can  be  done  easily  by 
remembering  the  general  rule  that  conductors  carrying 
current  in  the  same  direction  will  attract,  and  conductors 
carrying  current  in  oppojite  directions  will  repel,  one 
another.     The    coil    heads    on    a    sandwich    winding, 
such  as  is  usually  employed  for  furnace  transformers, 
arc    normally    not    subject    to    any    magnetic    stresses 
tending   to    move    them    radially   outwards,  but    only 
axially,    in    which    latter    direction    they    are    always 
effectively    braced.     Cases    of    radial    displacement    of 
M'indings  have  been  met  due  to  internal  short-circuits 
in  the  coils  where  tappings  are  brought  out — always, 
to  a  certain  extent,  a  weak  point  in  the  winding.     Under 
such   conditions,    the   magnetic   repulsion    is   due   to   a 
sudden  reversal  of  current  due  to  a  short-circuit  on  part 
of  the  windings,  and  no  elaborate  system  of  coil  bracing 
will   protect   a  transformer  against   this  trouble.     The 
addition  of  numerous  clamps  on  parts  rif  the  coils  in 
directions  where  there  is  no  tendency  to  move  is  only 
adding  unnecessary  expense  and   complication   to  the 
construction  of  the   transformer,   which   it   is  essential 
should   be   kept   as  simple  as   ]>issible.     This  question 
is   <lcalt    with    at    some   length    in    the    paj>er    alrea<lv 
mentioned  .n  "  I-irRo  IViwcr  Transformers."     I  should 
like  to  |K.iiit  <iu1  that  humlreds  of  thousands  of  kilovolt- 
ampcrcs  of    jxiwcr   tninHformcrs   have   been    built    and 
operatc<l    for    many    years    without    resort    to    fancy 
complicated    devices    for    bracing    the    windings.     In 


England  the  usual  construction  employed  for  furnace 
transformers  is  the  single-phase  shell  type  ;  in  such, 
the  windings  except  the  coils  heads  are  naturally 
anchored  in  the  core  punchings  by  which  they  are 
enclosed.  It  is  worthy  of  remark,  however,  that 
numbers  of  core-type  furnace  transformers  have  been 
built  on  the  Continent  with  coil  bracing  such  as  is 
normally  employed  on  similar  large  power  transformers. 
Referring  to  par.  4,  regarding  the  taping  of  the  low- 
tension  coils,  this  is  usually  unnecessary  if  the  high- 
tension  coils  and  the  barriers  between  the  high  and 
low  tension  are  sufficiently  well  insulated.  The  low- 
tension  coils  consist  usually  of  deep  copper  strap  wound 
on  edge,  which  needs  no  special  insulation.  The  oil 
coming  in  contact  with  the  bare  copper  affords  an 
e.\cellent  means  of  getting  rid  of  the  heat,  and  to  tape 
such  coils  only  impedes  this  process.  On  the  question 
of  tappings  on  the  high-tension  side  for  regulating 
the  low-tension  voltage,  it  is  the  usual  practice  to  place 
these  in  the  middle  of  the  windings,  the  reasons  being 
to  preserve  the  magnetic  symmetrv"  of  the  two  halves 
of  the  winding  and  to  ensure  that  the  reinforced  end 
turns  are  always  left  in  the  circuit,  as  noted  in  the 
paper.  A  good  deal  of  assistance  in  ensuring  a  rehable 
transformer  can  be  rendered  by  the  furnace  makers 
if  they  can  settle  down  to  a  small  number  of  voltage 
tappings,  since  the  bringing  out  of  high-tension  tappings 
on  transformers  for  this  class  of  work  is  actually  the 
source  of  weakness.  High-tension  tappings  are  not  to 
be  recommended  for  line  voltages  above  11,000  ;  above 
this  voltage  the  regulation  should  be  attained  by  means 
of  booster  transformers  or  induction  regulators.  These 
arrangements  lead  to  a  rather  increased  first  cost, 
but  this  is  entirely  offset  by  the  increased  reliability 
of  the  installation.  The  use  of  separate  voltage- 
regulating  gear  is  also  an  advantage  if  the  main  trans- 
formers can  still  be  run  at  one  low  tension  in  the  event 
of  failure  of  the  regulating  gear  or  tappings.  Furnace 
installations  fed  from  extra-high-tension  systems  of 
30,000  volts  and  over  are  not  yet  called  for  in  this 
country,  but  I  have  designed  a  n\imbcr  of  transformers 
for  this  work.  In  such  cases,  although  satisfactory 
furnace  transformers  can  be  built  for  the  extra  high 
tension,  it  is  generally  advisable  to  step  down  the  line 
voltage  to  an  intermediate  voltage  of,  say,  6,000,  in 
which  circuit  the  regulating  gear  is  placed. 

Mr.  D.  F.  Campbell  :  It  may  interest  members  to 
know  a  little  about  other  electric  furnace  develoimients, 
apart  from  steel  and  iron  which  are  mentiomd  in  the 
papers.  In  1914  this  country  was  in  a  desjHM-atc  position 
for  supplies  of  tungsten,  and  also  for  forro-chrome. 
There  was  one  small  works  in  the  Newcastle  district 
which  was  capable  of  making  a  very  small  quantity 
of  ferro-sihcon.  Before  the  end  of  the  week  after  the 
first  telephone  message  had  been  received,  ferro-chrome 
was  Ix-ing  m.-\<le.  In  igi8  the  works  were  consuming 
80  million  units  a  year  and  supplying  the  whole  of  the 
rc<iuircinenls  of  this  country  in  ferro-chrome,  and  they 
were  also  capable  of  making  all  the  fcrro-tungsten 
necessary.  The  extension  of  those  works  involved, 
amongst  other  things,  building  a  house  for  the  manu- 
facture of  fcrm-tungslen,  and  as  early  .is  1915  over 
250  tons  had  been  produced  at  a  time  when  the  countfy 
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was  in  an  awkward  position  with  regard  to  that  metal- 
A  further  extension  involved  the  laying  of  a  20,000-voIt 
cable  over  5  J  miles  long.  That  was  done  extremely 
rapidly,  and  at  the  time  of  the  Armistice  ferro-alloys 
were  being  made  at  the  rate  of  over  10,000  tons  a  year, 
and  the  whole  of  the  requirements  of  the  country  were 
being  met.  The  expansion  of  the  electric  furnace 
industry  since  1914,  in  steel  alone,  has  grown  to  about 
40  times  the  pre-war  output,  and  the  kilovolt-ampere 
capacity  employed  is  about  100,000.  In  addition  to 
that,  about  50,000  k.v.a.  was  used  for  the  manufacture 
of  carbide,  phosphorus  and  similar  purposes,  and, 
in  addition,  the  k.v.a.  capacity  which  was  used  for  the 
manufacture  of  alkalies  and  aluminium  has  also  to  be 
considered.  The  development  of  alkali  manufacture 
by  means  of  electricity  is  now  assuming  verv  large 
proportions.  Amongst  other  problems  during  the  war 
was  the  lack  of  Swedish  iron,  which  was  very  largely 
overcome  by  the  electric  furnace.  Not  only  has  an 
electric  furnace  substitute  of  Swedish  iron  been  made 
for  the  crucible  process,  but  also  large  quantities  of 
tool  steel  have  been  made  direct  by  the  electric  furnace, 
which  is,  I  think,  equal  in  all  respects  to  the  tool  steel 
made  by  the  crucible  process,  provided  the  same  care 
is  taken.  The  great  difficulty  experienced  in  the 
early  days  was  to  get  skilled  melters,  and  to  take 
the  same  care  in  casting  small  ingots  with  a  compara- 
tively large  amount  of  steel  which*  was  made  in  one 
batch  in  the  electric  furnace.  The  next  problem  which 
arose  was  that  the  great  expansion  of  electric  furnaces 
created  a  position  of  great  danger  as  regards  the  electrode 
supplies,  and  that  extremely  difficult  and  intricate 
manufacture  had  to  be  tackled  in  this  countrj'.  At 
present  there  is  more  than  sufficient  capacitv  to  make 
the  electrodes  required  in  this  country,  and  I  hope  that 
a  very  valuable  export  business  will  be  developed  with 
Scandinavia,  which  is  extremely  badly  situated  with 
regard  to  coal  supplies  and  raw  material  for  the  elec- 
trodes, which  are  essential  to  the  large  manufacturing 
industries  of  that  country.  The  economic  position  in 
regard  to  making  alloys  will  be  profoundly  changed  by 
peace  conditions,  and  there  is  no  question  that  certain 
industries,  such  as  the  manufacture  of  ferro-silicon, 
will  not  be  economically  possible  in  this  country  in 
the  future.  With  regard  to  the  electrical  equipment 
of  the  electric  furnace,  certain  alterations  have  been 
made  and  a  great  many  new  connections  of  transformers 
have  been  suggested  during  the  last  few  years,  but  no 
very  great  radical  alteration  or  improvement  has  been 
made  in  the  efficiency  of  the  furnaces  except  in  details 
of  design.  I  strongly  agree  with  the  last  speaker  that 
robustness  of  construction  is  most  important,  and 
especially  is  it  important  to  follow  as  closely  as  possible 
the  ordinar}^  Siemens  open-hearth  practice  with  regard 
to  the  lining  of  furnaces.  No  great  alteration  has  been 
made  in  general  metallurgical  practice.  The  principal 
problem  has  been  the  re-melting  of  scrap  and  the  sa\'ing 
of  as  much  chrome  and  nickel  as  possible  from  the 
turnings  which  were  available  during  the  war.  It  has 
been  a  very  valuable  asset  to  be  able  to  save  the  whole 
of  the  nickel  and  a  great  part  of  the  chrome.  One 
electric  improvement  which  I  think  has  a  future,  is 
the  use  of  high  reactance  at  high  voltage  during  the 


melting  period,  and  a  low  voltage  and  low  reactance 
during  the  finishing  period.  The  advantage  of  that  is 
that  the  shocks,  the  objection  to  which  has  been  very 
much  exaggerated  in  the  past,  are  overcome  and  the 
load  is  steadier,  so  that  full  load  can  be  put  on  to  the 
furnace  immediately.  By  a  simple  system  of  switches 
giving  the  furnace  two  voltages  and  two  reactances, 
it  is  possible  to  arrive  at  conditions  which  are  very 
favourable  for  melting  and  refining,  and  so  maintain 
a  steady  load  while  melting  and  reduce  as  much  as 
possible  the  cutting  of  the  refractories  in  the  last  stages. 
It  is  interesting  to  note  that  in  very  large  works  the 
performance  of  the  furnace  is  not  so  good  as  it  is  in 
small  works.  That  is  almost  entirely  due  to  the  traffic 
and  cranes,  and  things  of  that  sort.  I  have  the  figures 
of  one  foundry,  which  in  six  months  melted  1,966  tons 
of  steel  at  a  current  consumption  of  617  units,  which  is 
exceptionally  good,  but  in  that  case  it  was  a  small 
works  where  crane  facilities  and  everything  were  the 
very  best  for  the  furnace.  Such  good  results  ae  not 
obtained  in  large  shops.  There  is  one  question  which 
I  think  ought  to  be  of  interest  to  the  electrical  engineer, 
and  that  is  the  matter  of  power  contracts.  The  con- 
sumer of  electricity  and  the  supplier  of  electricity  have 
not  got  as  close  together  as  they  might  have  done  on 
this  point.  The  ser\ice  given  by  the  Sheffield  Corpor- 
ation in  supph-ing  energy  to  electric  furnaces  has  been 
remarkable,  but  the  power  contracts  in  Sheffield  give 
no  ad\-antage  to  the  man  who  has  a  high  load  factor 
as  compared  with  a  low  load  factor,  the  system  being 
merely  to  charge  so  much  a  unit,  minus  a  discount 
according  to  the  number  of  units  used.  On  the  North- 
East  Coast  they  pay  so  much  a  unit  with  or  without 
a  fixed  charge,  plus  a  certain  amount  for  the  increase 
in  the  price  of  coal  above  a  certain  fixed  figure.  That 
has  the  disadvantage,  I  think,  that  a  good  many  people 
do  not  understand  it,  and  there  is  a  good  deal  of  dis- 
content in  regard  to  the  drawing  up  of  the  contracts. 
I  should  like  to  suggest  that  some  system  of  contracts 
should,  if  possible,  be  arrived  at  which  is  very  much 
simpler  and  which  might,  for  instance,  consist  of  a 
fixed  price  per  unit  plus  or  minus  a  sliding  scale  discount 
for  a  good  or  bad  load  factor,  a  further  sliding-scale 
discount  on  large  quantities  and  also  a  fair  coal  clause. 
There  is  one  interesting  instrument  which  has  been 
developed  during  the  war,  for  the  regulation  of  a  large 
number  of  furnaces  by  means  of  a  "  master  regulator." 
If  a  large  number  of  furnaces  are  put  on  one  feeder, 
the  total  load  on  those  furnaces  can  easily  be  controlled 
within  a  certain  limit,  and  that  limit  can  be  varied  at 
will  from  the  power  station.  In  that  way  full  advantage 
can  be  taken  of  any  load  which  suddenly  becomes 
available,  the  peak  load  can  be  kept  within  the  desired 
limit  and  full  advantage  taken  of  the  diversity  factor 
of  the  number  of  furnaces.  It  is  only  by  improving 
the  load  factor  and  generally  by  improving  the  conditions 
of  the  power  consumed  that  a  substantial  reduction 
in  price  can  be  obtained,  and  I  think  there  is  rooni  for 
closer  working  between  the  consumer  and  the  supplier 
of  power. 

Sir  R.  A.  Hadfield  :  The  chief  point  with  regard  to 
the  application  of  electric  energy  to  steel  melting  or 
producing  alloy  steel  of  a  special  type  is  the  cost  of 
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power,  anil  I  am  glad  to  know  that  a  Commission  has 
Ixx-n  sitting  lor  some  time  with  a  view  to  bringing 
about  the  establishment  of  large  jviwer  centres  from 
which  it  is  hoped  to  get  electrical  energy  at  cheaper 
rates  than  now.  If  it  is  going  to  cost  something  like 
£z  5s.  or  /3  per  ton  for  the  energy*  employed  in  melting 
steel,  whilst  the  cost  to  Canadian  manufacturers  in 
10s.  or  I2S.  per  ton,  this  countrj'  will  be  at  a  verj*  serious 
disadvantage.  \Vhcthcr  this  country-  can  compete 
whilst  Canada  and  other  centres  obtain  water  power 
s<i  cheaply  from  Niagara  and  other  imjxjrtant  centres, 
1  am  not  able  to  say.  Bearing  on  this  point  I  may 
mention  Sir  Dugald  Cli-rk's  recent  important  Report 
on  Water  Power.  Whilst  much  has  been  done  in  this 
country',  we  have  still  to  Xry  to  bring  about  a  lower 
cost  of  electrical  energy  for  melting  steel.  During  the 
war  my  firm  have  done  useful  work  in  the  manufacture 
of  electric  steel.  We  were  able  to  utilize  and  work  up 
something  like  100.000  tons  of  waste  material  for  war 
purposes,  which  otherwise  could  not  have  been  utilized 
at  all,  or  at  any  rate  not  to  the  same  advantage.  1  have 
received  the  following  interesting  letter  from  M.  I'aul 
Girod,  who  has  asked  me  to  read  it  to  the  meeting  : — 

"  Dear  Sir, 

"  I  regret  that,  much  as  I  should  have  liked 
to  be  present  at  the  meeting  of  the  Iron  and  Steel 
Institute  on  the  8th  May,  I  am  obliged  to  decline.  I 
Reo  the  programme  includes  an  important  discussion  on 
the  electnc  furnace.  May  I  ask  whcllicr  you  will  be 
rotkI  enough  on  this  occasion  to  act  as  the  mouthpiece 
of  French  electro-metallurgy  on  the  one  hand,  and  of 
myself  on  the  other  ?  In  the  splendid  progress  that 
has  been  made  in  the  manufacture  of  steel  in  the  electric 
furnace  during  the  war,  it  is  rather  a  pity  to  find  that, 
with  the  exception  of  the  Hdroult  furnace,  all  furnaces 
recently  installed  are  "  new.'  The  merit  of  the  hew 
inventors  certainly  counts  for  something.  The  war, 
however,  has  thrown  so  much  strain  on  French  industries 
and  under  such  ditlcrcnl  circumstances  that  all  com- 
panies have  lx;cn  compelled  to  confine  their  activities 
and  the  use  of  their  staffs  to  the  working  of  their  own 
factories.  Consequently,  all  business  connected  with 
patent  hccnccs,  interesting  as  they  may  be,  has  had  to 
be  shelved,  not  so  much  from  the  '  material  '  as  from 
the  '  moral  '  point  of  view.  I  myself  have  increased 
my  output  from  15,000  tons  of  ingots  jx-r  annum  to 
fKi.orx)  ton.i^a  figure  which  is  all  the  more  remarkable 
a«.  It  was  obtained  from  furnaces  working  on  cold  charge 
fitid  was  dcvote<l  exclusively  to  the  pnnluctinn  of  alloy 
itTis  for  the  manufacture  of  artillery-,  road  vehicles, 
and  aircraft.  My  works  have  purchase<l  from  outside 
all  Ktecl  u»c<l  in  the  manufacture  of  ordinary  shell, 
rc»er\'ing  its  entire  prtKluctivc  capacity  f<jr  the  manu- 
f.i'tiirc  of  ■  •     '      ■     '  •  1  l>c  obtained  in  the  Martin 

fiirn.ifr  wr  ■■  uf  (jiiality  and  regularity. 

'  a.iiil  development  of  the  'mixed' 

'  in  winch  the  current  j>aRse»  through 

'  IrfKlrs)    will   come   out    nt   the 

'■  i  patent*  taken  out  for  furnaces 

<i\  ihit  tyjjc  f'.r  Miint  years  now.  and  especially  during 
the  Last  few  ye.am,  is  so  coniitlerable  that  it  may 
perhaps  not  be  out  ol  place  to  state  that,  as  long  ago 


as  >899,  I  designed  a  tipping  furnace  having  a  conducting 
hearth  (which  was  used  for  the  manufacture  of  alloy 
steels),  while  in  1905  I  patented  a  furnace  having 
embedded  metal  poles,  which,  unless  I  am  mistaken, 
is  really  the  prototype  of  all  industrial  steel  furnaces 
having  a  conducting  hearth.  If  we  have  to  concede 
to  M.  H^roult  absolute  priority  for  the  manufacture 
of  steel  on  an  industrial  scale  in  the  series  arc  double- 
electrode  furnace,  I  think  I  may  claim  for  mj-self 
priority  for  the  opposite  principle,  which  consists  not 
only  in  using  the  current  at  the  surface  of  the  bath, 
but  in  causing  it  to  pass  through  the  whole  of  the 
molten  mass,  and  that  with  the  longest  jxjssible  passage 
so  as  to  secure  (1)  great  regularity,  and  (i)  greater  ease 
of  manipulation  of  the  furnace  for  cold  charges.  You 
will  also  be  interested  to  know  that  we  now  have  working 
at  Ugine  a  number  of  furnaces  of  a  capacity  of  25  tons 
on  cold  charge,  these  furnaces  being  capable  of  taking 
30  tons  on  liquid  charge  quite  easily. 
'•  I  am,  etc., 

(Signed)  "  Paul  Girod." 

M.  Girod  has  furnished  the  fullest  information  not 
only  to  my  own  firm,  but  to  a  number  of  other 
makers  in  this  country  during  the  war.  .  Mr.  Mordey 
(p.  283)  has  referred  to  only  600  units  of  heat  being 
employed.  I  should  like  those  who  are  not  users  of 
furnaces  to  know -that  that  is  really  for  melting  mild 
steel.  If  we  are  going  to  make  steel  from  pig  iron  it 
will  take  much  more  than  «>oo  units.  When  we  started 
during  the  war  we  had  to  pay  alxiut  o(>d.  a  unit  ;  it 
then  rose  to  o^d.  and  it  is  now  oStl.,  and  Sheffield 
steel  makers  believe  that  it  will  soon  Ix;  id.  Metal- 
lurgists are  not  electrical  engineers,  and  I  hope  electrical 
engineers  will  give  us  all  possible  assistance  since  we 
shall  liavc  in  future  the  comj^elition  of  the  world 
to  face.  In  America  electrical  energy  is  being  applied 
for  anneaUng.  heating,  and  a  numl)er  of  other 
operations,  and  it  can  be  seen  therefore  how  impor- 
tant it  is  for  us  to  lower  the  cost  of  energy.  There 
is  another  matter  on  which  we  want  the  help  of  elec- 
trical engineers.  Is  what  we  lenn  the  heat  obtained  from 
electrical  energy  of  the  same  quality  as  that  which  is 
obtained  by  combustion  ?  I  am  inclined  to  think  it 
is  not.  I  think  there  is  some  difference,  though  it  is 
difficult  to  say  what  it  is.  Only  a  short  time  ago  I  was 
watching  a  heat  of  electric  steel  Iving  poured,  and  came 
to  the  conclusion  that  there  is  some  differci.cc  in  the 
effect  of  the  electrical  energy  uj^m  the  moKiulu  con- 
struction of  the  steel.  Can  cle<tri«il  engineers  throw 
any  light  upon  that  point  ?  Is  electrical  energy  applied 
for  heating  pur|>oses  the  same  as  energy  obtaineil  from 
combustion  ?  I  .sjiccially  refer  to  the  ]ioint  l>ccausc  a 
well-known  Sheffield  man,  Ixird  Chctwj-nd,  formerly  of 
Messrs.  Vickers,  brought  out  a  jirocess  of  which  con- 
siderable use  ha-s  been  made  during  the  war,  by  applying 
electrical  energy  to  the  head  jvirtion  of  the  ingot  after 
it  had  been  ixiiirod  fur  a  considerable  time,  30  or 
even  40  ininiiles,  that  is  during  the  cooling  of  the  steel. 
The  ingots  treate<i  were  of  large  size,  15  to  20  tons  or 
more.  He  claims  that  by  this  method  he  gel.n  rid  ol 
a  large  numl>er  of  what  arc  known  as  inclusions 
in  the  steel.     I  have  examined  some  of  those  ingots  at 
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our  own  works,  and  have  not  been  able  to  see  any  great 
difference,  but  Lord  Chetw\-nd  claims  he  can  get  better 
transverse  tests  and  better  quality  of  product.  In 
that  case  it  may  be  that  electrical  energy-  has  some  effect 
upon  the  molecular  structure  of  the  material.  We 
must  not  forget  that  above  750°  all  iron  and  steel  is 
non-magnetic,  and  therefore  it  is  not  likely  this  could 
be  a  magnetic  effect  but  would  probably  be  some 
other  effect. 

Colonel  D.  Carnegie  :  I  desire  to  refer  to  what  has 
been  said  with  regard  to  the  design  of  the  electric 
furnaces,  and  also  to  their  operation.  The  Imperial 
Munitions  Board  in  Canada  was  placed  in  a  verj^  awkward 
position  during  the  war,  owing  to  the  very  great 
quantities  of  turnings  which  had  to  be  sent  to  the 
United  States  while  the  Board  was  buying  steel  for 
munition  purposes  from  the  States.  It  was  ultimately 
decided  that  electric  furnaces  should  be  installed  in 
Canada.  Electric  steel  maniifacture  is  not  new  to 
Canada,  which  country  has  had  experience  of  several 
types  of  furnaces  such  as  the  Heroult  and  some  other 
modified  fixed  t^-pes  of  electric  furnaces.  After  consider 
ing  what  wns  hkely  to  be  the  ijest  design,  the  Heroult 
furnace  of  the  6-ton  capacity  type  was  selected.  A  row 
of  10  furnaces,  all  well  above  everi,'  factor  of  safety 
hitherto  used,  was  installed,  with  the  hope  of  getting 
from  the  ten  6-ton  furnaces  a  capacity  of  300  tons  per 
day  liquid  steel.  Five  months  after  foundations  were 
commenced,  steel  was  obtained,  and  instead  of  obtaining 
a  capacity  of  300  tons  per  day  from  the  10  furnaces, 
approximately  400  tons  were  produced.  I  mention 
these  facts  simply  because  it  is  my  experience,  con- 
firmed bv  actual  practice,  that  there  is  no  economy 
in  instalhng  any  part  of  an  electrical  equipment  unless 
one  is  sure  that  there  is  a  high  factor  of  safety  on  every 
part.  Turning  to  the  question  of  the  cost  of  current, 
•to  which  Sir  Robert  Hadfield  has  referred,  there  is  no 
doubt  that  Canada  has  great  advantages  for  the  manu- 
facture of  cheap  steel  from  the  electric  furnace,  owing 
not  only  to  cheap  power,  but  also  to  the  fact  that  it 
has  magnesite  in  abundance.  It  also  has  facilities 
for  the  manufacture  of  carbon  and  graphite  electrodes 
at  a  cheap  rate.  So  that  considering  costs  of  production 
from  the  electric  furnace,  I  think  I  am  safe  in  saying 
that  the  best  open-hearth  basic  steel,  or  even  acid 
open-hearth  steel,  cannot  be  produced  in  Canada  more 
cheaply  than  steel  from  an  electric  furnace  using  100 
per  cent  turnings.  Coming  to  the  question  of  power, 
one  speaker  has  said  that  it  is  a  great  thing  to  get  steel 
produced  with  a  consumption  of  about  617  units  per 
ton.  Verj-  likely  it  is  on  a  small  system,  but  in  Canada 
we  were  consuming  something  like  550  to  575  units 
per  ton  of  steel  melted.  I  should  like  to  ask  the  authors 
if  it  is  possible  to  produce  steel  economically  direct 
from  ores  by  the  use  of  the  electric  furnace.  Experiments 
have  been  made  in  Canada  with  this  object,  but  the 
results  have  not  been  very  successful.  I  !;ee  no  reason, 
however,  why  the  difficulties  in  the  production  of 
steel  direct  from  the  ores  should  not  be  overcome. 
In  passing,  I  should  like  to  mention  that,  driven  by  the 
same  necessity  as  was  England,  Canada  utilized  its 
electric  furnaces  for  the  production  of  ferro-molybdenum, 
ferro-titanium    and,    for    many    years,    ferro-silicon.     I 


regret  to  learn  that  it  is  unUkely  that  England  will 
produce  ferro-sihcon  economically.  There  are  immense 
possibilities  in  Canada  for  the  production  of  ferro- 
silicon,  and  I  hope  that  country  may  have  preference 
over  Norway  and  Sweden  when  these  materials  are 
being  purchased. 

Mr.  W.  E.  Burnand  :    Whilst  there  are  many  dif- 
ferences  of   opinion   in    regard    to    the   details    of   the 
electric  furnace,   I  think  on  the  whole  there  is  little 
question    that    the    electric    furnace    has    made    good. 
It  certainly  seems  to  have  made  a  lot  of  money  for  the 
users,  and  they  do  not  seem  to  have  one  electric  furnace 
very  long  installed  before  they  can  afford  to  put    in 
another.       In    Fig.    2    of   Mr.  Bibby's  paper,  I  do  not 
see    how    the    distribution    of    current   or   potential   is 
obtained.     The  voltage  across  2  and  3,  compared  with 
that  between  i  and  4,  should  be  equal  with  uniform 
resistance  round  the  electrodes.     If  there  is   a  short- 
circuit  or  a  low-resistance  between  2, and  3,  say,  that 
■\vill  reduce  the  voltage  across  those  two,  and  increase 
it   across    i   and   4.     That  will   give  increased  heating 
across  i  and  4  where  the  high  potential  is,  and  reduced 
heating  across  2  and  3.     If  the  transformer  windings 
are  star  connected  as  indicated  in  Fig.  4,  the  effect  is 
that  if  one  gets  a  short-circuit  or  lower  resistance  between 
2  and  3,  a  bigger  current  will  flow,  and  consequently 
a  bigger  heating  with  the  lower  resistance,   provided 
the  external  reactance  is  not  high.     Therefore,  with  a 
properly  proportioned  high  reactance,  one  may  get  a 
more  uniform  heating  under  those  conditions,  due  to 
the  reactance  lowering  the  voltage  sufficiently  to  com- 
pensate for  the  increased  currents.     Fig.  7  in  the  same 
paper  seems  to  be  a  ver\-  complicated  arrangement  for 
getting    8    phases.     There   is    no    difficulty   in    getting 
8  phases  on  one  transformer  with  three  legs,  or  from 
two  single-phase  units  properly  coupled  up,  so  that   I 
do  not  see  why  one  should  go  to  the  expense  and  com- 
phcation  of  five  transformers  to  accomplish  probably 
the  same  result.    Referring  to  page  251  of  Mr.  Greaves 's 
paper,  it  seems  to  me  that  the  current  does  not  balance 
on  the  primary-  or  even  on  the  secondary  at  starting, 
and  that  even  to  get  balanced  current  when  working 
the  voltage  would  have  to  \-ar\-  with  the  var^'ing  resist- 
ance of  the  furnace.     At  the  same  time  I  do  not  think 
the  out-of-balance  current,  which  I  presume  does  occur, 
would  be  a  serious  matter,  especially  in  view  of  Professor 
Miles  Walker's  recent  demonstration*  that  20  per  cent 
of  the  generating  capacity  can  be  taken  off  one  phase 
without  any  serious  unbalancing  of  the  supply  pressure. 
20  per  cent  is  a  big  proportion,  and  more  than  is  obtained 
in    any  single   furnace   in   the   ordinary  way,  so  quite 
a    considerable   amount    of    unbalancing  is  permissible 
even  at  the  present  time,  and  the  amount  will  increase 
as  the  size  of  the  generating  unit  increases.     I  think 
both  Mr.  Greaves  and  Mr.  Bibby  mentioned  that  they 
have  measured  the  heating  from  the  bottom  electrode  ; 
I  should  like  to  know  how  it  was  measured,  and  what 
figures    were   obtained.     There    is    one    other    matter  : 
should   the   reactance   be   internal   to   the   transformer 
or  external  ?     On  the  whole  I  think  the  external  arrange- 
ment is  preferable.     If  one  obtains  increased  reactance 
by  not  sand\\'iching  the  primary  and  secondarj'  coils 

*  Journal  I.E.E.,  1919,  vol.  37,  p.  109. 
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one  certainly  limits  the  current  on  short-circuit,  but  one 
also  increases  the  forces  acting  between  the  coils,  so 
that  there  is  not  a  vcr\-  great  diflerence  in  that  respect* 
Also,  the  leakage  flux  round  those  coils  tcn<ls  to  heat 
up  both  the  case  and  the  iron.  A  simple  way  of  petting 
that  increased  reactance  is  by  threading  U-shaped 
stampings  on  the  secondary  leads.  Any  reactance 
required  can  be  obtained  in  that  way.  and  it  seems  to 
me  simpler  as  well  as  cheaper  than  to  put  it  in  the 
transformer  :  one  also  obtains  the  advantage  that  it 
can  be  varied  as  require<1.  On  large  sizes  I  think  one 
gets  from  tho  secondary  leads  themselves  more  reactance 
than  IS  wante<l.  apart  from  any  in  the  transformer, t 
so  that  as  those  sizes  increase  it  is  necessary  to  keep 
the  reactance  down  to  the  minimum  in  the  transformer, 
and  the  leads  from  the  transformer  to  the  furnace 
must  be  interleave<lj  in  order  to  reduce  the  reactance. 

Mr.  A.  Hutchinson  :  In  connection  with  the  use  of 
the  electric  furnace  to  produce  a  finer  quality  of  steel 
in  the  open-hearth  process.  Sir  Robert  Hadfield  mentioned 
the  cost  of  current.  I  think  that  in  modern  blast 
furnaces  and  steel  plants  connccteil  with  coke  ovens 
it  is  possible  to  obtain  current  chcapiv  from  gas-engine 
plant,  using  the  waste  gases  from  blast  furnaces  and 
coke  ovens. 

Mr.  Walter  Dixon  :  I  have  been  wondering  what, 
in  particular,  as  a  result  of  the  discussion,  this  meeting 
is  tr\-ing  to  settle.  Nothing  of  particular  moment 
appears  so  far  to  have  resulted.  One  statement  has 
been  made  which  a]»i>ears  to  be  useful,  viz.  the  in- 
duction furnace  is  out  of  the  running,  .\nothcr  point 
is  that  the  differences  between  the  various  types  of 
furnaces  are  more  or  less  matters  of  detail.  Might 
I  suggest  that  some  of  the  steelmakers  should  state 
what  practical  results  they  have  obtained,  compared 
with  the  theoretical  results  put  forw.ird  and  claimed 
in  the  papeis.  Speaking  generally,  I  believe  it  is 
the  war  (when  economies  have  been  a  minor  con- 
sideration) which  has  brought  this  question  of 
electnc  furnaces  into  prominence.  In  other  words, 
the  increase  in  electric  furnaces  in  this  country  is 
due  mainly  to  the  fact  that  they  h,ive  offere<l  special 
facilities  for  dealing  with  special  materials.  To 
imagine,  as  some  have  done,  that  electric  furnaces 
arc  on  the  wav  to  compete  with  and  replace  blast 
f  ■     Mf  the  mark  as  it  is  to  imagine  that 

1  '  ojvn-hearlh  sterl-melting  furnaces. 

I  rii.ins   with    •  •'■   up  to.   sav,    lo  tons 

1  •  with  »|x^ial  (  maten.ils  are  a  sane 

and  iKimetimcs — though  not  always— .in  econ<imical 
proptwttion.  If  the  pnce  of  fuel  continues  to  rise, 
and  the  price  of  electricity,  as  some  appear  to  imagine, 
continues  to  fall,  then  their  scope  will  be  increased. 
Hut  if,  and  when,  thin  condition  arisen,  it  will  haxx  to 
t-  "I  th.it  the  Rvotem  at  present  ad<ipte<l  in 

<  H  put*  el«tririfv  undrr  fine  of  the  womt 

t  •■  nt   with  the  sim- 

]■  •     iif    the    present 

pra<'tUAi    tlrlii,in»i* 

Mr.  E.  H.  Saniter  :  1  have  only  had  a  small  experience 
•WE    nt>«>»(>      ■Soma  l\itau  la  Triiiiliii— ■>"  CltcUuum,   i(i). 


in  the  making  of  electric  steel,  but  I  am  strongly  of 
opinion  that  for  ordinary  competitive  work  in  what 
might  be  calle<l  structural  steels,  and  even  finer  steels 
than  that,  the  electric  furnace  has  not  got  the  slightest 
chance.  I  am  also  of  opinion  that  for  many  of  the 
finer  steels  the  acid  ojien-hcarth  furnace  can  do  equally 
well  and  at  much  less  cost  ;  that  is  assuming,  of  course, 
present  conditions.  If  electric  current  could  be  obtained 
at  a  very  much  cheaper  rate,  and  if  electrodes  could  be 
got  which  would  not  be  continually  falling  into  the 
biith,  the  electric  furnace  might  do  a  good  ileal  better. 
-\s  far  as  I  have  l>ecn  able  to  test  electric  steel  against 
similar  steels  made  in  the  acid  oi>cn-hearth  furnace, 
I  have  not  been  able  to  find  that  electric  steel  is  in  any 
way  superior.  1  hope  that  with  further  experience 
and  with  improvement  in  the  furnaces  the  extra  cost 
may  be  justified.  I  certainly  think  that  for  certain 
classes  of  what  might  be  called  tool  steels  there  is  a 
considerable  future  for  the  electric  furnace,  lu  this 
direction  the  size  of  the  electric  furnace  is  an  important 
factor. 

Mr.  E.  Adamson  :  For  the  manufacture  of  iron  and 
steel  there  are  txvo  kinds  of  furnaces  used,  one  for  steel 
refining  and  the  other  for  pig-iron  smelting.  The  arc 
furnace  is  described  in  the  papers  as  the  one  used  for 
the  production  of  steel,  but  so  far  it  has  not  by  itself, 
or  in  conjunction  with  other  methods  of  making  steel, 
shown  that  it  can  compete  with  the  Siemens  furnace 
for  structural  steels.  Electrically-produced  steel  has 
its  users,  but  so  far  thev  are  comparatively  small  in 
number  and  are  limited  by  reason  of  the  cost  of  pro- 
duction, and  it  has  not  yet  been  proved  that  electric 
steel  produced  from  common  scrap,  such  as  burnt  iron, 
is  equal  to  that  produced  from  the  better  classes  of 
raw  materials.  The  deciding  factor  in  regard  to  the 
use  of  electric  furnaces  is  naturally  the  cost  of  current, 
and  this  countr%'  cannot  pnxluce  current  as  cheaply 
as  some  of  the  water-power  installations  in  Europe 
and  .■\mcrica.  The  nearest  approach  to  this  is  when 
the  power  is  produce<l  from  the  waste  he.it,  which  is 
either  not  charged  for  or  onlv  rhargc<l  at  a  nominal 
figure.  I  have  been  intercstetl  in  electrically-produced 
pig  iron,  and  have  come  to  the  conclusion  that  the  cost 
of  power  and  the  geographical  position  of  the  works 
in  regard  to  ore  and  fuel  are  still  deciding  factors  in 
regard  to  the  position  for  electric  blast  fum,iccs.  In 
some  countries  where  the  works  are  close  to  the  ore. 
the  cost  of  power  to  the  furnaces  is  almost  as  low  as 
30s.  per  electrical  horse-|>)wer-year.  The  question  of 
ferro-.T.ll<iys  is  one  to  itself,  as  the  geographic.d  i-voMtion 
of  the  smelting  works  is  a  most  imjxirtant  factor, 
especially  in  these  days  of  high  freights,  and  con- 
siderably more  should  be  |iossible  in  the  production 
of  these  alloys  in  this  country  than  has  so  far  been 
done 

Mr.  H.  M.  Ridge  :  1  think  there  is  one  .aspect  of  the 
subject  which  has  not  l<een  touihr<l  on  bv  aiiv  of  the 
previous  sjieakers,  iiamelv.  that  there  are  re.illy  tbieo 
elements  concerned  in  the  design  and  use  of  the  electric 
furnace,  electncil,  metallurgtral  and  ronstnictional. 
Each  of  these  at  present  should  lx>  dealt  with  bv  separate 
experts  in  the  particular  branch.  There  i.h  not  only 
the  question  of  the  electrical  engineer  and  the  mctiU" 
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lurgical  engineer,  but  the  constructional  man  is  also 
required,  and  his  knowledge  and  experience  have  been 
rather  lacking  in  some  of  the  electrical  steel  furnaces 
built  in  the  country.  I  think  that  co-operation  between 
the  three  would  assist  in  rapid  progress  and  give  much 
improved  results  in  addition  to  longer  life  of  the  plant. 
Mr.  H.  H.  Ashdown  :  I  fully  endorse  Mr.  Saniter's 
remarks  with  regard  to  the  limits  of  the  electric  furnace. 
From  what  the  previous  speakers  have  said,  the 
impression  might  be  formed  that  the  best  steel  can  be 
obtained  under  any  conditions  from  the  electric  furnace. 
That  is  not  the  case.  The  utmost  care  and  attention 
must  be  given  to  the  steel  during  its  process  of  manu- 
facture in  the  electric  furnace  if  the  best  results  are  to 
be  obtained.  I  have  not  made  electric  steel,  but  I  have 
examined  a  fair  amount,  and  I  know  the  conditions  under 
which  it  was  produced.  As  an  instance,  a  special  charge 
was  made  from  the  best  pig  iron  and  selected  scrap. 
It  was  made  in  the  electric  furnace  by  one  of  the  most 
experienced  makers  in  the  country.  Unfortunately 
that  charge  was  anything  but  desirable.  Had  it  been 
used  for  ordinary  work,  the  defects  probably  might  not 
have  been  noticed,  but  when  steels  are  tested  transversely 
any  defects  present  are  almost  bound  to  be  detected, 
and  it  appears  to  me  from  notes  that  I  saw  in  Engineering 
last  week,  referring  to  papers  before  some  of  the  Ameri- 
can societies,  that  the  serious  defects  I  have  detected 
in  testing  and  examining  electrically-made  steels  have 
been  very  pronounced  in  America.  I  am  certain  that 
my  remarks  would  apply  not  only  to  some  of  the  special 
steels,  but  also  equally  to  the  tool  steels.  I  feel  sure 
that  there  is  a  limit  to  the  capacity  of  the  furnace,  and 
to  obtain  the  best  results  the  very  greatest  attention 
must  be  exercised.  It  is  a  mistake  for  anybody  to  think 
that  good  steel  can  be  obtained  from  an  electric  furnace 
without  the  greatest  care  and  attention  being  devoted 
throughout  its  manufacture. 

Mr.  W.  M.  Mordey  :  I  should  like  to  ask  whether 
steel  makers  and  electric  furnace  makers  are  not  a  little 
unreasonable  in  asking  always  that  the  price  of  electrical 
energy  should  be  reduced.  The  remedy  seems  to  be 
in  their  own  hands.  Nobody  can  watch  the  working 
of  an  electrical  furnace  without  seeing  evidence  of 
great  loss  of  energv  in  various  directions,  which  if  pre- 
vented or  reduced  would  have  just  as  much  effect  as 
a  reduction  in  the  price  of  electrical  energy.  Not  long 
ago  it  was  customary  for  makers  and  users  of  steel 
furnaces  to  admit  a  consumption  of  i,ooo  units  per 
ton,  or  i,ioo  units,  or  more,  for  furnaces  which  were 
not  working  continuously.  We  have  heard  to-day  from 
Mr.  Campbell,  and  no  doubt  other  makers  could  give 
similar  experiences,  of  steel  being  produced  for  560 
and  '570  units  a  ton,  and  Mr.  Carnegie,  who  gave  his 
Canadian  experiences,  claims  to  have  got  down  in  practice 
to  considerably  lower  than  that  figure.  Sir  Robert 
Hadfield  has  spoken  of  the  cost  of  energy  being  50s.  to 
60s.  per  ton  of  steel — that  means  about  1,100  units  per 
ton  at  ^d.  a  unit.  There  seems  to  be  room  for  a  lowering 
of  the  consumption  or  of  the  price  in  that  case.  Such 
matters  are  largely  beyond  the  province  of  the  electrical 
engineer.  There  is  also  an  important  economy  to  be 
obtained  by  the  reduction  of  the  consumption  of 
electrodes.     I  do  not  know  the  present  cost  of  electrodes. 


but  when  I  had  occasion  to  look  into  the  matter  not 
very  long  ago  during  the  war  I  found  it  was  anything 
up  to  20s.  per  ton  of  steel.  The  making  of  electrodes 
for  electric  furnaces  seemed  likely  to  offer  a  more 
profitable  field  even  than  making  steel,  and  I  commend 
it  to  those  who  are  in  a  position  to  carry  it  out. 
Wasteful  escape  of  heated  gases  round  the  electrodes  is 
a  cause  of  further  waste  by  consuming  and  tapering  the 
electrodes.  Mr.  Stobie  seemed  to  have  tackled  that 
part  of  the  problem  successfully  by  the  use  of  his  elec- 
trode economizers.  The  question  has  been  asked, 
what  is  the  secret  of  the  great  growth  of  these  furnaces 
during  the  war  ?  May  I  suggest  the  answer  is  in  the 
one  word,  "  swarf  " — that  is,  the  turnings  and  borings 
mostly  from  the  shell  factories  ?  That  material  formed 
the  principal  food  of  most  of  the  electrical  furnaces. 
The  experience  gained  in  that  way  will  no  doubt  be  of 
great  value  now.  In  conclusion  I  should  Uke  to  ask 
a  question  about  the  induction  furnace.  From  the 
electrical  point  of  view  it  has  many  very  attractive 
features,  and  I  am  loath  to  believe  that  it  is  really  dead. 
It  would  be  very  useful  to  have  a  paper  on  the  diffi- 
culties which  have  led  to  its  practical  abandonment- 
It  is  true  that  it  has  a  large  hearth  area  for  leakage  of 
heat,  but  there  are  no  hot  gases  to  pass  away,  no  flames, 
and  no  electrode  troubles.  The  "  pinch  effect  "  troubles 
were  said  to  be  serious,  but  later  reports  suggested  that 
use  could  be  made  of  that  effect.  There  should  at  least 
be  a  pubUc  post-mortem  examination  so  that  we  may 
know  more  about  the  actual  causes  of  the  disappearance 
of  this  very  interesting  type  of  furnace. 

Mr.  S.  S.  Parker:  It  was  my  privilege  in  1908  to 
superintend  what  may,  I  think,  be  described  as  the 
first  commercial  run  on  an  electric  furnace  in  the  British 
Isles.  The  furnace  was  of  the  Kjellin  fixed  type, 
30  cwt.  capacity,  installed  at  the  Sheffield  works  of 
Messrs.  Vickers,  Ltd.  The  plant  was  designed  for  the 
purpose  of  melting  cold  charges,  and  to  that  process  my 
remarks  are  chiefly  confined.  Although  the  furnace 
was  nominally  of  30  cwt.  capacity,  only  2,500  lb.  was 
"tapped,"  the  remaining  1,000  lb.  being  left  in  the 
furnace  for  the  commencement  of  the  next  heat.  This 
is  necessary  because  in  this  type  of  furnace  the  melting 
process  depends  entirely  on  the  current  induced  in 
the  "  bath  "  itself,  and  unless  this  quantity  of  metal 
is  left  in  the  furnace,  the  melting  of  a  subsequent  heat 
cannot  be  continued.  To  this  fact  the  majority  of  the 
difficulties  in  working,  and  objections  to  the  induction 
furnace  can  be  traced.  When  only  one  class  of  steel 
is  required  the  difficulties  are  not  so  great,  as  only 
two-thirds  of  every  heat  are  transferred  to  the  ladle. 
If,  however,  one  has  to  make  straight  carbon,  nickel 
chrome  or  ordinary  nickel  steels,  when  and  as  required, 
the  difficulties  immediately  become  apparent  to  every 
practical  steel  maker.  Owing  to  the  nickel  and 
chromium  contents  of  the  1,000  lb.  of  metal  left  in  the 
furnace,  it  would  be  obviously  impossible  to  change 
from  nickel  chrome  to  straight  carbon  unless  the  furnace 
could  be  completely  emptied  and  a  fresh  start  made. 
If  worked  in  connection  with  any  other  melting  process, 
one  could  easily  obtain  the  necessary  amount  of  metal 
from  that  source,  but  in  a  self-contained  plant  some 
auxiliary  process   (say  an  oil  furnace  for  melting  pig 
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iron)  would  be  most  desirable.  Tlje  electrical  engineer 
may  suggest  the  melting  of  steel  rings,  but  this  has  been 
thoroughly  tried  and  found  unsatisfactorA'.  Kven  when 
the  rings  arc  most  carefully  prepared  to  minimize 
segregation,  and  are  machined  to  give  an  equal  cross- 
sectional  area,  it  is  almost  impossible  to  prevent  them 
heating  and  melting  unevenly,  which  renders  this  method 
worthless  except  as  a  means  of  drying  the  linings, 
preparatory*  to  commencing  the  melting  process.  Unless 
molten  metal  is  avaihible  for  the  commencement  of 
each  week's  run,  a  jiortion  of  the  Saturday's  heat  has 
to  be  left  in  the  furnace  and  sufficient  current  main- 
tained to  keep  this  in  a  liquid  state  during  the  whole 
of  the  week-end.  This  week-end  work  necessitated 
the  use  of  approximately  2,500  units,  which,  when  added 
to  the  current  used  for  the  week's  work,  considerably 
increased  the  current  consumption  per  ton  of  output. 
Possibly  the  more  serious  objection  to  leaving  a  portion 
of  each  heat  in  the  furnace  is  that  it  makes  proper 
inspection  ;)f  the  furnace  lining  impossible.  This 
inspection  is  most  necessar>'  owing  to  the  continual 
circulation  of  the  molten  metal  which,  with  full  power 
on,  develops  into  a  regular  "  swirl."  tlie  banking  of  the 
metal  on  the  outer  edges  of  the  bath  being  quite  apparent. 
Although  later  we  experimented  with  scrap  of  various 
quaUties  and  conditions,  our  first  run  was  made  on 
selected  Swedish  bar  iron  (3  in.  x  S  in.)  cut  into  9-in. 
lengths.  All  the  materials  used  were  as  free  from 
oxide  as  possible.  During  that  first  run  we  found  that 
our  losses,  which  we  took  to  be  oxidation,  worked  out  at 
approximately  2-7  per  cent.  On  the  termination  of 
the  run,  when  the  furnace  was  completely  emptied  for 
the  first  time,  it  was  discovered  that  our  losses  due  to 
oxidation  were  actually  2  32  per  cent,  and  that  0-39 
per  cent  of  the  apparent  oxidation  was  actually  increase 
of  the  l)ath,  due  to  the  gradual  washing  away  of  the 
lining  lielow  the  lowest  working  level,  and  caused  by  the 
"  swirl  "  mentione<l  above.  In  other  words,  after 
producing  150  tons  of  steel,  the  weight  t(f  metal  left 
after  the  final  heat,  which  should  have  been  10  cwt., 
had  increased  to  22  cwt..  .although  the  wear  on  the  upper 
portion  of  the  lining  h.id  been  comparatively  light, 
necessitating  only  slight  repairs  during  the  run.  As  a 
result  of  our  experience  we  suggested  that  loose  linings 
or  melting  hearths  might  be  used  to  facilitate  (l)  the 
change  from  one  class  of  .illoy  steel  to  another  ;  (2) 
the  rrnmination  and  repair  of  the  linings.  Tliis  sug- 
(•■  .s   sulise<iucntly   adopted    with   some   degree 

1.:  but   made  the  use  of  an  auxiliary  melting 

priKcss  al.solutely  cssenti.nl.  It  follows  that,  with  the 
steel  acting  as  the  secondary  circiut,  the  only  heat  that 
one  getii  into  the  slag  is  by  conduction.  In  consctjuencc 
the  sl.ig  is  alwajTi  colder  than  the  steel,  and  seldom, 
if  ever,  really  fluid.  For  this  rca-son  it  is  practically 
1-  to   eliminate   sulphur  and  phosphoriis  as  in 

(  (the  arc  type.     Owing  to  th<-  large  area  of 

1  ■  vide  of  iron  rcvlily  forms,  and  on  entering 

t;  'v  forms  a  stout   arch   which  completely 

cnvclojx-*  itir  Htrrl  lirlow.  Once  formcfl  it  is  only  with 
the  grcatc<it  ilifTicully  that  it  can  Ix-  broken  ilown  and 
cleared.  Our  cx|>cricncr  was  that  it  was  impossible 
to  melt  more  than  10  per  cent  of  turnings  (swarf)  or 
•mall  light  kcrap  with  certain  exceptions  in  this  type 


of  furnace,  and  that  only  with  considerable  difficulty. 
Owing  to  the  field  which  is  developed  round  any 
conductor  of  current,  small  pieces  of  light  scrap  become 
magnetized  immediately  they  come  near  the  bath. 
The  result  is  that  turnings  and  similar  scrap  cling  not 
only  to_Dne  another  but  to  the  shovel  and  iron  frames 
'  of  the  bath  covers,  making  the  charging  most  tedious 
and  difficult.  All  light  scrap  has  to  be  continually 
I  pushed  down  into  the  liquid  metal  below,  and  again 
the  iron  rods  usually  used  for  this  work  become  magne- 
tized and  adhere  to  the  unmeltcd  scrap  in  the  bath. 
The  difficulty  of  charging  can  be  overcome  by  shutting 
off  the  current,  but  this  involves  delays  and  the  greatest 
care  must  be  observed  to  prevent  the  bath  freezing  at 
any  point.  This  is  a  point  for  serio\is  consideration 
in  any  scheme  where  quantities  of  light  scrap  are  to  be 
I  melted.  Whilst  turnings  and  light  scrap  generally  are 
1  only  melted  with  difficulty,  unbent  transformer-plate 
'  scrap  makes  a  good  charge,  but  only  when  carefully 
packed  together  and  the  packs  charged  by  means  of  a 
pair  (if  tongues.  Owing  to  the  small  dimensions  o£ 
the  bath,  it  is  equally  imjwssible  to  melt  any  pieces  of 
scrap  weighing  more  than,  say,  28  lb.  This  moans 
that  the  material  for  the  furnace  has  to  be  either  specially 
selected  or  specially  prepared.  Add  to  this  the 
I  difficulty  of  refining,  and  it  immediately  places  the 
I  induction  furnace,  as  a  scrap  melter,  in  a  ver\*  unfav- 
ourable position  when  compared  with  the  arc  furnace. 
During  the  war,  the  electric  furnace  was  the  means  of 
utilizing  thousands  of  tons  of  turnings  in  a  way  that 
would  have  been  impossible  had  the  plants  Ix^en  eqiiipped 
with  furnaces  of  the  induction  type.  Some  of  the 
difficulties  mentioned  above  are  minimized  or  eliminated 
in  other  furnaces  of  more  recent  design,  and  particularly 
!  in  the  Rochling-Rodenhauser  type.  British  manu- 
I  facturers  availed  themselves  of  the  opportunity  of 
examining  the  improvements  of  this  type  of  furnace, 
and  I  think  it  significant  that  on  turning  to  Mr.  U.  G. 
Mercer's  paper,  one  finds  no  induction  furnace  included 
in  the  list  of  electric  furnaces  used  during  the  wai  ; 
in  f<act  on  page  264,  Mr.  Mercer  states:  "there  are 
none  in  operation  here  so  far  as  the  author  knows." 
It  is  also  significant  that  .■\merica  is  credited  with  only 
three  induction  furnaces,  compared  with  274  furnaces 
of  other  tyjics.  When  compared  with  the  arc  furnaces, 
the  advantages  arc  pr.actically  all  on  the  side  of  the 
latter,  the  alwencc  of  electro<Ies  and  holders  being  really 
the  only  outstanding  advantage  that  the  induction 
furnace  can  claim  and  substantiate. 

Mr.  G.  M.  Brown  :  I  suggest  that  the  steel  manu- 
facturers and  the  electrical  engineers  are  not  showing 
I  a  sufficient  amount  of  confidence  in  each  other  ;  wc  arc 
not  getting  down  to  details.  Dr.  S.aniter  h.as  told  us 
that  better  steel  can  be  produce<l  by  the  acid  process 
th.an  can  lie  produced  in  the  electric  furnace.  The 
question  immediately  arises  as  to  how  li'Ug  it  will  Ixj 
pf>ssil>le  for  the  acid  process  to  be  carried  on  profitably 
in  this  countrv.  During  the  war  we  have  Ijcrn  driven 
to  .adopt  the  basic  process  more  and  more.  We  h.avc 
had  v.arious  figures  q\iote<l  as  to  the  consumption  of 
power  required  to  produce  a  ton  of  steel  from  an  electric 
furnace,  but  no  one  h.as  told  us  ex.actly  the  com|X)sition 
'   f)f  the  steel  when  finished  ;   or  in  othei  words,  what  was 
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done  to  the  material.  With  regard  to  the  electric 
furnace,  the  general  consensus  of  opinion  seems  to  be 
that  as  far  as  ordinary'  steel  is  concerned  it  will  be  used 
at  a  refining  instrument,  but  nothing  has  been  said, 
for  instance,  about  the  American  plant  recently  started 
in  which  a  triplex  process  is  being  carried  out  and  the 
electric  furnace  is  the  last  link  in  the  chain.  These 
are  matters  which  we  might  discuss  with  profit.  With 
regard  to  the  cost  of  power,  it  is  quite  evident  that  it 
was  only  possible,  as  a  war  measure,  to  pay  o-yad. 
per  unit,  as  Sir  Robert  Hadfield  did.  At  that  price 
the  production  of  ordinary  steel  by  electric  methods  is 
not  commercial,  and  will  not  be  commercial  when  we 
return  to  ordinary  conditions  of  life,  and  the  sooner 
electrical  engineers  can  get  together  and  let  iron  and 
steel  makers  have  power  at  ^d.  or  less  per  unit,  the 
sooner  will  they  extend  their  business  in  electrical 
furnaces  and  accessories. 

(Communicated)  :  Of  the  papers  submitted  those  of 
Messrs.  Mercer  and  Stobie  contain  the  largest  amount 
of  useful  information,  and  the  others  are  valuable  in 
that  they  contain  the  views  of  furnace  makers  and 
designers,  although  on  some  matters  of  importance 
these  ^•iews  are  not  in  accordance  with  either  theory- 
or  experiment.  The  first  question  arising  from  the 
consideration  of  the  claims  of  the  rival  manufacturers 
is  the  proper  basis  for  a  comparison  of  their  furnaces. 
It  does  not  seem  possible  to  make  a  really  strict  com- 
parison of  the  merits  of  two  furnaces  unless  they  are 
run  on  charges  of  identical  composition,  and  with  a 
view  to  producing  results  also  identical  as  nearly  as 
possible.  Such  a  test  should  extend  over  a  lengthy 
period,  for  other\\-ise  one  of  the  most  important  features, 
i.e.  reUability  and  the  facility  for  making  rapid  repairs, 
could  not  be  taken  into  consideration.  Few  firms  are 
in  a  position  to  conduct  a  test  of  this  kind,  and  none 
appears  to  have  been  made  up  to  the  present.  Until 
such  a  test  is  made  each  maker  will  probably  continue 
to  claim  that  his  furnace  possesses  advantages  over 
others  on  account  of  the  particular  arrangement  of 
the  electrodes  or  methods  of  connecting  them  to  the 
supply  circuit,  the  arrangements,  or  lack  of  arrangements 
for  bottom  heating  and  so  on.  ]Mr.  Mercer's  paper  gives 
the  power  and  electrode  consumptions  per  ton  of  steel 
made  bj-  a  large  number  of  furnaces  of  various  sizes, 
but  unfortunately  the  information  he  gives  is  not 
sufficiently  complete  to  enable  the  reader  to  do  more 
than  generaUze  on  the  possibihties  of  the  electric  furnace 
as  a  means  cf  working  up  cold  scrap.  He  has  included 
no  particulars  of  the  initial  and  final  compositions  of 
the  various  charges,  although  he  has  given  the  numbers 
of  slags  and  the  average  times  per  heat.  As  far  as 
power  consumption  is  concerned,  his  figures  indicate 
that  it  diminishes  as  the  capacity  of  the  furnace  in- 
creases, rapidly  up  to  5  tons  and  then  at  a  diminishing 
rate,  but  this  is  only  natural  in  view  of  the  diminution 
of  radiating  surface  per  ton  of  charge  and  the  lower 
conduction  losses  to  be  expected  from  large  furnaces. 
The  number  of  electrodes  in  each  furnace  is  not  given, 
but  the  electrode  consumptions  indicate  that  abnormally 
large  electrodes  involve  large  consumptions  of  carbon 
or  graphite  per  ton  of  steel  made.  Without  efiicient 
economizers  or  other  means  of  protecting  the  electrodes 


this  is  only  to  be  expected,  for  reasons  ver\-  fully  dis- 
cussed by  Mr.  §tobie.  As  to  whether,  other  things  being 
equal,  the  size  of  the  electrodes  influences  the  consump- 
tion to  any  great  extent,  Mr.  Stobie  might  be  able  to 
enlighten  us  :  he  should  also  be  able  to  give,  fiom  his 
own  experience,  some  interesting  data  on  the  effect 
of  efficient  economizers  on  the  current  and  electrode 
consumptions  per  ton  of  steel  made,  and  thus  increase 
our  indebtedness  to  him.  The  disposition  of  the 
electrodes  is  a  matter  that  has  given  rise  to  much  dis- 
cussion in  the  past,  and  one  on  which  the  views  of  the 
various  authois  are  divergent.  None  of  the  authors 
advocates  the  use  of  bottom  electrodes  similar  to  those 
of  the  Girod  furnace,  but  they  all  recommend  the  use 
of  one  or  more  electrodes  embedded  in  a  conducting 
hearth,  and  that  without  reservation,  excepting  Mr. 
Stobie,  and  Mr.  Sahlin's  furnace  seems  to  include  every 
conceivable  combination  except  that  of  Girod.  Ex- 
cepting the  Stassano  and  Rennerfelt  t\-pes  of  furnace, 
the  chief  objects  to  be  attained  are  uniformity  of  tempera- 
ture and  the  protection  of  the  roof  from  undulj-  high 
temperatures  and  localized  heating  ;  but  some  of  the 
authors  go  further  and  claim  that  the  arrangements  of 
the  electrodes  in  their  furnaces  are  such  as  to  cause 
effective  circulation  of  the  bath  of  molten  metal,  either 
in  virtue  of  the  fact  that  the  hearth  is  made  to  act  as 
an  electrode  or  by  electromagnetic  action  of  the  currents 
flowing  through  the  bath.  Jlr.  Stobie  on  the  other 
hand  denies  that  such  circulation  takes  place  and  sup- 
ports his  contention  by  experimental  e\-idence.  There 
are  two  possible  causes  tending  to  produce  circulation 
of  the  bath,  viz.  a  steep  thermal  gradient  which  would 
cause  convection  currents  in  the  molten  metal, 
and  the  electromagnetic  forces  due  to  the  currents. 
Messrs.  Booth-HaU,  Sahlin  and  Greaves  all  claim 
that  convection  currents  are  produced  by  the 
use  of  a  conducting  hearth  with  one  or  more 
electrodes  embedded  in  it,  and  Mr.  Greaves  even 
goes  so  far  as  to  compare  his  furnace  \\ith  a  kettle, 
although  lie  admits  that  of  the  total  energy  supplied 
only  8  to  10  per  cent  can  be  applied  to  generate  heat 
in  the  hearth.  The  analog^'  is  quite  mistaken,  and  for 
ver\'  good  reasons,  the  most  obvious  of  which  is  that 
in  the  kettle  practically  the  whole  of  the  heat  is  applied 
to  the  bottom  where  it  is  most  effective  in  the  production 
of  convection  currents.  Further,  water  has  a  high 
coefficient  of  expansion  and  a  low  thermal  conductivity, 
and  its  coefficient  of  viscosity  is  probably  less  than 
one-half  or  one-third  that  of  molten  steel,  which  is  a 
good  heat  conductor.  In  view  of  these  facts  and  the 
further  fact  admitted  by  Mr.  Greaves,  that  the  major 
portion  of  the  heat  used  in  an  electric  furnace  is  applied 
to  the  surface  of  the  bath  and  in  the  bath  in  about 
equal  proportions,  it  is  difficult  to  see  that  the  thermal 
conditions  in  a  furnace  are  conducive  to  the  production 
of  the  circulation  claimed  bv  the  advocates  of  bottom 
heating.  Indeed  the  conditions  in  the  electric  furnace 
seem  more  analogous  to  those  in  a  test  tube  full  of 
water  when  an  attempt  is  made  to  boil  it  by  applying 
heat  to  the  surface  of  the  water,  and  in  small  furnaces 
it  is  actually  desirable  to  use  bottom  electrodes  to 
obviate  this  state  of  affairs  as  far  as  possible.  At  least 
such  a  conclusion  is  supported  by  the  remarks  of  Messrs. 
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Stobie  and  Bibby.  The  claim  that  a  vigorous  circulation 
is  produced  by  the  electromagnetic  actional  the  currents 
flowing  through  the  electrodes  and  bath  is  equally 
weak,  in  view  of  the  fact  that  molten  steel  is  non-magnetic 
and  IS  also  a  dense  an<l  viscous  hquid.  Except  in  the 
immediate  Nicinities  of  the  arcs  the  current  densities 
are  exceedingly  low  and  the  magnetic  field  strengths 
also,  and  nowhere  is  there  any  true  rotating  field  such 
as  IS  produced  in  an  induction  motor  or  any  definite 
tendency  to  steady  and  uniform  rotation  such  as  would 
be  required  to  overcome  the  inertia  and  frictional 
resistance  of  the  hquid  metal.  These  facts  are  demon- 
strated by  the  results  of  Mr.  Stobic's  experiments  with 
a  much  less  \nscous  Uquid,  viz.  mercur>-.  In  short, 
neither  the  thermal  nor  the  electrical  conditions  are 
such  as  to  cause  the  circulation  of  the  bath  claimed  by 
some  makers  as  such  a  great  advantage,  and  in  that 
respect  there  is  no  difference  between  the  electric  and 
the  open-hearth  furnace.  In  the  electric  furnace  there 
is,  however,  as  pointe<l  out  by  Mr.  Stobie,  some  circula- 
tion of  the  slag  caused  by  the  blast  from  the  electrodes. 
The  most  desirable  feature  of  the  electric  furnace, 
and  that  which  makers  and  designers  would  be  well 
ad\Tsed  to  develop  to  the  greatest  degree,  is  reliability. 
The  electrodes  should  be  easy  to  regiilatc,  and  automatic 
regulating  dc\-ices  should  act  with  certainty  and  rapidity. 
The  electrode  holders  should  be  of  rigid  and  substantial 
construction  and  such  as  to  obviate  any  possibility 
of  jamming  and  breakage  of  the  electrodes,  and  in  this 
respect  the  gallows-arm  type  calls  for  great  care  and 
skill  in  design.  The  tilting  arrangements  should  be  of 
ample  strength  and  of  the  simplest  construction,  and  the 
whole  desisn  of  the  furn.ice  should  \k  such  that  renewals 
and  repairs  of  the  roof  and  lining  may  be  executed 
with  the  minimum  amount  of  delay  and  expense. 

Mr.  H.  B.  Toy  :  My  reasons  for  inst-alling  an  electric 
furnace  at  our  works  in  Middlesbrough  were,  that  during 
the  war  there  was  a  ver\'  large  quantity  of  steel  turnings 
available  in  the  district,  part  of  which  were  being  used 
in  blast  furnaces,  causing  considerable  trouble  to  the  pig- 
iron  uscr«.  The  .\ir  lioard  at  that  time  were  urgently 
in  need  of  nickel-chrome  steels  for  the  prcKluction  of 
acropLinc  crank-shafts,  piston  rcxls,  etc.,  and  it  was 
apparent  to  me  that  these  steel  turnings  could  be  verj- 
much  more  reasonably  melted  in  an  electric  furnace  ] 
for  the  purpo<«e  of  making  these  special  steels,  and  after 
l8  montlis'  working  I  feci  perfectly  satisfied  with  the 
merits  of  an  electric  furnace  fur  the  manufacture  of 
ipecial  allov  Steels.  I  am  doubtful  whellier  an  electric 
fiim.icc  will  compete  commcrcrally  with  Siemens  acid 
or  Kt'I'-  "iteels  of  ordinary  carljon  quality,  but  this  : 
d' :  n  the  price  of  current,  electrodes  and  roy.ilty. 

Til'  ..      rs  iif  clectnc  furnaces  are  not,  in  my  opinion, 

justly  entitled  to  the  amounts  generally  charge<l  for 
royalty.  One  designer  oilers  a  furnace  with  three 
vcrticai  cIcctrcKles  through  the  roof,  another  with 
I  ■  ■      '■    'leu   thrniigh   the   nnif   and    a  con- 

of  the   furnace,    another  employs 
til-  the     furnace    honrontally, 

ai'  il   rlcctrtKlcs  an<l   one   hori- 

Z"'  •  r  in  the  purthase  pnce, 

or  I  ,  c<l,  charges  an  unreason- 

aUe  amount  of  royalty,  which.  I  consider,  more  particu-   i 


larly  in  war  time  was  not  justifiable.  I  quite  agree 
with  Sir  Robert  Hadfield,  and  the  figure  he  mentioned 
vcr\-  nearly  approaches  our  actual  cost  of  working, 
but  he  did  not  mention  that  when  these  furnaces  were 
first  employed  in  this  country  the  electrodes  cost  about 
£iO  \->er  ton,  whereas  our  last  consignment  from  .Vmerica 
cost  us  nearly  £140  per  ton.  I  therefore  cannot  see 
how  our  present  costs  of  working  an  electric  furnace 
will  be  any  guide  to  us  as  to  what  are  going  to  be  the 
costs  when  we  come  back  to  normal  working,  but  1 
have  every  confidence  that  in  the  manufacture  of  special 
alloy  steels  the  electric  furnace  has  come  to  stay,  and 
that  mechanically  the  designs  will  be  very  much  im- 
proved  bv  the   users. 

Mr.  W.  J.  Dawson  :  O.ie  point  not  mentioned  by 
any  speaker  is  whether  a  high  voltage  is  desirable  in 
electric  furnace  equipment.  It  seems  to  me  that  with 
a  high  voltage  we  get  a  high  and  quick  input,  and  we 
are  also  able  to  reduce  the  diameter  of  the  electrodes 
and  in  that  way  lengthen  the  Ufe  of  the  furnace  roof. 
.\nothcr  point  is  that  with  a  quicker  input  of  current 
and  larger  power  we  should  be  enabled  to  reduce  the 
length  of  the  heat  and  thus  avoid  radiation  losses  in 
the  furnace,  which  of  course  all  helps  to  economy  in 
the  production  of  steel.  Then  there  is  the  question  of 
electrode  economizers.  Xo  doubt  they  arc  very  desir- 
able, but  although  there  have  been  a  good  many  devices 
they  never  seem  to  work,  and  it  is  really  up  to  some  of 
the  electrode  economizer  designers  to  see  if  they  cannot 
make  them  a  practical  proposition.  Ever\-  steel  maker 
recognizes  the  necessity  of  using  such  apparatus,  but 
personally  I  have  never  found  one  yet  that  is  really 
satisfactory*.  It  works  fur  a  few  days  and  then  needs 
some  repairs. 

Mr.  G.  W.  Partridge  :  I  speak  as  a  supplier  of 
electricity.  Many  speakers  have  said  that  they  could 
do  a  great  deal  if  only  electrical  energy'  were  cheaper. 
For  example,  Mr.  Brown  said  that  if  he  could  get  it 
at  Jd.  a  unit  that  would  be  a  satisfactor>^  price.  Sir 
Rolx'rt  Hadfield  says  that  if  electrical  energy  were  as 
low  as  o-4d.  electric  fui"naces  would  be  a  commercial 
proposition.  One  speaker  has  told  us  that  he  could  get 
current  in  Norway  at  30s.  jx-r  electrical  horse-power 
per  annum.  On  a  50  {>er  cent  load  factor — 1  assume 
that  these  electric  furnaces  are  running  on  a  ver>-  good 
load  factor — that  represents  o-o82d.  a  unit.  Electrical 
energy  will  never  be  obtainable  in  this  countr>'  at 
anything  like  that  price.  Before  the  war,  although  wc 
had  to  pav  a  high  price  in  Ixindon  for  our  coal,  wc  offered 
current  at  less  than  Jd.  a  unit  for  electric  furn-ices  on 
the  south  side  of  the  River  Thames.  If  members  will 
onlv  have  patience  until  siujiply  companies  can  purchase 
economical  plant  and  generally  set  their  undertakings 
in  order,  there  will  Ix;  no  dilhculty  in  supplying  current 
at  well  below  Jd.,  although  1  think  Jd.  a  unit  is,  for  the 
next  two  or  three  years,  rather  a  low  figure  considering 
the  high  cost  of  plant  and  laUtur.  The  price  of  coal 
will  probably  fall,  but  1  <lo  not  see  much  hope  of  a 
re<liKtion  in  the  price  of  lalxiur.  One  sjieaker  has 
suggcNtwl  that  there  shoiilil  Ik-  a  special  rate  to  encourage 
an  improvement  in  the  load  factor.  I  quite  agree  to 
such  an  arrangement.  I  am  sure  that  any  supply 
company   would    lie   glad    to   give   any   inducement   to 
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improve  the  load  factor  ;  specially  low  rates  might  be 
offered  at  off-peak  hours.  A  large  furnace  demand, 
especially  single  phase,  may  have  the  effect  of  upsetting 
the  regulation  of  the  supply  on  a  small  distribution 
system.  In  mv  own  case  we  began  in  a  small  way, 
but  after  having  successfully  supplied  a  large  railway 
where  w-e  had  a  great  number  of  short-circuits  and 
overloads,  a  small  thing  like  a  furnace,  even  on  the 
south  side  of  the  river  in  London,  presents  no  difficulty 
to-day.  For  this  reason  I  feel  that  any  out-of-balance 
up  to  20  per  cent  ought  to  be  well  taken  care  of  on  an 
ordinary  large  distributing  s^'Stem.  I  entirely  agree 
with  Mr.  Mordey  as  to  the  difference  in  the  efiiciencies 
of  furnaces,  which  is  shown  by  the  number  of  units 
per  ton.  If  it  makes  so  much  difference  to  furnace 
users  whether  the}'  pay  |d.  or  |d.  per  unit  for  current, 
does  it  not  make  much  more  difference  whether  their 
furnaces  take  600  units  per  ton  or  5,250  units  per  ton, 
as  shown  in  the  schedule  of  figures  in  one  of  the  papers  ? 
I  think  power-supply  engineers  should  do  all  that  they 
can  to  give  a  reliable  supply  to  furnaces  at  a  cheap 
price  ;  but  designers  and  users  of  electric  furnaces 
should  most  carefully  consider  the  question  of  improving 
the  consumption  of  electric  energy  per  ton,  which 
appears  to  vary  considerably  and  leaves  much  to  be 
desired. 

Mr.  D.  Sillars :  Comparisons  have  been  made 
between  what  is  done  in  Norway  and  Canada  and  in 
this  country  in  the  manufacture  of  electric  furnace 
products.  I  think  that  to  some  extent  in  a  joint  dis- 
cussion of  this  kind  it  may  perhaps  be  overlooked  that 
the  proposition  is  entirely  different  for  pig-iron  and  for  ' 
steel.  The  last  speaker  called  attention  to  the  difference 
in  consumption  between  600  units  and  5,000  units  per  i 
ton,  and  I  would  therefore  point  out  that  when  we  are  ' 
making  pig-iron  from  ore,  or  steel  from  scrap,  there  is 
always  the  question  of  whether  we  are  going  to  reduce 
the  material  or  not.  In  making  a  ton  of  pig-iron  in 
a  blast  furnace,  if  it  takes  20  cwt.  of  carbon,  about  12 
cwt.  of  that  carbon  will  be  required  to  reduce  the  oxide 
to  its  metallic  state  ;  but  in  steel-making  this  demand  ' 
for  energy  does  not  exist,  since  the  materials  are  charged 
in  the  metallic  state.  An  electric  furnace  making 
pig  iron,  in  addition  to  the  melting  of  the  material,  has 
also  to  reduce  the  ore  from  which  the  iron  is  derived 
to  the  state  of  metallic  iron.  To  accomplish  this  an 
amount  of  heat  must  be  supplied  equal  to  the  heat  of 
chemical  formation  of  the  reacting  bodies,  and  this 
quantity  in  the  case  of  iron  oxides  may  amount  to  a 
third  of  the  total  heat  required,  while  in  the  case  of 
other  alloys  such  as  ferro-silicon  the  heat  of  formation 
of  the  oxide  is  about  four  times  greater  than  in  iron,  and 
the  energy  required  for  smelting  this  alloy  is  propor- 
tionately increased.  All  this  heat  cannot,  however, 
be  supplied  by  electrical  energy,  since  the  oxygen 
liberated  must  be  enabled  to  enter  into  some  other 
combination,  and  carbon  is  the  most  convenient  sub- 
stance to  supply  for  this  purpose.  To  quote  what 
can  be  done  in  Sweden  or  Canada  avails  nothing, 
because  as  long  as  we  in  this  country  have  to 
produce  electric  power  from  coal,  we  shall  never 
be  able  to  do  smelting.  It  will  appear  from  the 
figures  which  I  have  mentioned  why  this  is   so.     One 


speaker  has  said  that  a  great  deal  of  heat  may  be 
lost  in  the  furnace  through  a  hole  in  the  wall.  That 
of  course  should  not  occur,  but  it  must  be  remembered 
that  in  making  the  steel  the  working  furnace  has  a 
temperature  which  is  almost  the  melting  point  of  the 
refractory  material,  and  if  we  attempt  to  do  much 
lagging,  the  inside  of  the  furnace  would  simply  melt 
away  and  we  should  very  soon  have  only  the  lagging 
left,  and  that  would  not  last  long.  It  is  very 
necessary  to  allow  heat  to  escape  by  radiation  and 
convection  unless  we  can  find  a  higher  refractory 
material  than  we  know  of  at  the  present  time.  In 
connection  with  the  construction  of  very  large  electric 
furnaces  I  do  not  see  how  such  furnaces  can  be 
successful  since  we  cannot  apply  heat  over  the  whole 
of  the  bath.  We  apply  the  heat  at  certain  points,  and 
the  larger  the  furnace  the  greater  must  be  the  number 
of  openings  in  the  roof.  In  a  60-ton  open-hearth 
furnace  the  roof  is  already  in  a  sufficiently  critical 
position,  and  if  it  is  pierced  with,  say,  six  electrodes, 
we  shall  get  an  extremely  weak  roof.  Also,  if  we  have 
bottom  electrodes  the  bottom  of  the  furnace  will  be 
weakened.  It  is  very  difficult  to  keep  the  bottom  of 
a  60-ton  open-hearth  furnace  in  repair,  but  if,  in  addi- 
tion, it  were  made  conducting,  the  difficulties  would 
be  greatly  increased  and  could  only  be  overcome  by 
the  use  of  better  refractory  material  than  is  at  present 
obtainable. 

Professor  H.  Louis  :  I  think  I  am  in  a  position  to 
state  definitely  the  cost  of  current  in  Norway.  I  was 
offered  high-tension  electrical  energy  at  the  factory 
terminals,  alongside  deep  tidal  water,  at  27  kroner  a 
kilowatt-year,  that  is  30s.  a  kilowatt-year,  for  a  24-hour 
load,  i.e.  this  amount  was  to  be  paid  irrespective  of 
whether  the  current  was  used  or  not.  The  current  was 
generated  from  water  power  and  was  available  all  the 
year  round.  That  was  the  figure  quoted  to  me  for  very 
large  quantities  before  the  war,  and  it  is  the  most 
definite  figure  I  can  give.  I  think  it  makes  it  very 
clear  why  the  suggestion  of  some  speakers,  that  the  one 
thing  needed  is  to  reduce  the  consumption  of  electricity 
in  a  steel  furnace,  does  not  solve  the  entire  question. 
If  in  this  country  we  cannot  produce  electric  current 
at  anything  hke  the  above  figure,  it  does  not  help  us 
in  the  least  to  cut  down  our  electric  consumption, 
because  our  rivals  who  use  water-power  can  do  exactly 
the  same  thing  ;  the  question  resolves  itself  into  the 
cost  of  electric  power.  There  are,  however,  opportuni- 
ties in  this  country  for  the  production  of  power  from 
waste  gases.  I  need  only  mention  the  very  successful 
work  done  by  the  Newcastle  Alloys  Company  in 
generating  electric  power  from  the  waste  gases  of  coke 
ovens,   and  thus  working  large  electric  furnaces. 

Mr.  A.  P.  Pyne  :  I  cannot  lay  claim  to  any  practical 
knowledge  of  this  subject  but  have  made  a  number  of 
inquiries  regarding  electric  furnaces  and  have  visited 
a  good  many.  I  have  been  principally  struck  with 
the  enormous  difference  in  running  costs.  Take,  for 
example,  a  furnace  which  I  recently  saw  in  Scotland. 
Those  responsible  for  its  operation  were  entirely  satis- 
fied and  would  be  very  sorry  to  go  back  to  their  old 
process  ;  they  propose  to  repeat  the  furnace.  They 
gave  me  their  running  costr  which  were  very  satisfactory. 
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Shortly  afterwards  I   \isited  another  furnace   further 

si'iith      This  was  of  exactly  the  same  size  as  the  one 

■1  and  turned  out  the  same  class  of  steel.     I 

,  ^;iven  the  running  costs  which  were,  however, 

;J   times   those  of  the   Scotch   furnace.     The  engineer 

\v!i>  showed   me   the   figures  said:     "  D<j   not  on   any 

nt  put  down  an  electric  furnace."     If  these  costs 

..vie  any  criterion  of  what  was  going  on  in  the  furnace 

I   could   quite  share  his   view.     I   had   hoped   to  hear 

during   this   discussion   an    explanation   of   these   wide 

diflercnces.     In  the  course  of  one's  inquiries,  one  comes 

■  ly  obvious  conclusion  that  there  is  vcr\'  little 
N-t\v»^n,  say,  three  or  four  of  the  more  usual 

tyiK-s  o(  :  '.thcr  electrically  or  mctallurgically  ; 

nor  with  :  intelligently  operated  is  there  much 

dirterence    in    the    consumption    of    electrodes    and    of 

■  ■    'rical    units    per   ton.     There   are,    however,    slight 

.inical  differences  which  will  exercise  from  time  to 
tiiiic  an  important  bearing  on  the  running  costs,  but  by 
no  means  sufficient  to  account  for  the  discrepancy 
i  ibove.     It  is  reasonable  to  suggest,  therefore. 

:  L-  condemning  an  electric  furnace  steps  should 
be  lakfu  to  ensure  that  the  handling  of  the  furnace  is 
not  at  fault.  1  should  like  to  say  that  I  am  a  great 
behever  in  automatic  control  in  any  but  very  small 
furnaces.  As  a  result  of  a  good  many  years'  experience 
of  automatic  control,  I  can  say  that  it  is  usually  far 
more  reliable  than  the  human  element.  If  it  is  found 
unsatisfactory  in  any  specific  case,  it  is  probably  due 
to  unsuitable  design.  If,  however,  automatic  control 
is  complicated,  an  endeavour  should  l)c  made  to  simplify 
it  :  if  It  is  found  liable  to  break  down,  alter  the  design 
and  so  make  it  more  reliable,  but  do  not  condemn 
automatic  control  offhand.  With  regard  to  transformers, 
there  are  designs  on  the  market  which  cannot  be  re- 
paired on  site  ;  these  should  be  avoided.  If  they  have 
to  be  sent  to  the  maker's  works  much  valuable  time  is 
lost.  It  is  all  ver\'  well  to  say  have  spare  transformers, 
but  they  arc  expensive  and  it  is  not  everyone  who  cares 
to  incur  such  expcn<liture,  particularly  as  transformers 

■-  last  for  years  without  breakdown,  in  which 

,   .re  transformer  is  capital  lying  idle. 

Mr.   T.   M.   Service  :   As  several  steel  makers  have 

cxprcssecl    adverse    opinions    on    the    quality    of    steel 

m.vle  in  the  electric  furnace,  I  should  like  to  give  my 

experience  at  the  works  with  which   I  am  connected. 

We  have  a  small  35-cwt.  elcctnc  furn.ice.     This  furnace 

h.vs  licrn  rniploye<l  on  all  quahties  of  steel,  l>ut  princi- 

p.illv  nirki-l  chrome,     Wc  have  found  that  in  this  type 

there  is  greater  control  over  th<*  temjMraturc 

•  •ver  the  com|xisition  of  the  steel,   with   the 

r»-»ult  that  the  pHnluct  is  superior  to  any  prinlured  from 

the  ordinary-  open-hearth  furnace.     Many  of  the  ingots 

made  have  been  split   and   the  surface   pr)lishe<l   and 

'-'■^'•d,   and   prints   taken   from   the   polishe<I   surfaces. 

<■  prints  »how  that   the  steel  is  miuh  more  solid 

'      ■'  other  types  of  furn.ices.     We  have 

■i'\  this  tla»»  of  steel  for  non-metallic 

.tiid  »e  fiiiil  that  owing  t<i  it  liring  possible 

•'■  the  tem]>erattire  verv  efTiciently,  this  ty[)e 
of  defect  i«  prarticall"  rliminate<l.  It  may  l>r  pointed 
out  that  thr»c  go<Kl  results  might  be  due  to  the  small 
furnace,  but  in  order  to  test  this  wc  arrange<l  with  the 


Stobie  Steel  Company  of  Newcastle  to  make  two  lo-ton 
charges  in  their  furnace.  The  steel  was  to  be  made 
of  armour  plate  scrap,  and  the  resulting  ingots  were  to 
be  m.^de  into  hollow  f<irgings  of  a  very  high  class.  The 
two  charges  were  made  very  satisfactorily,  and  the 
ingots  when  cold  were  trepanned,  lv>IIow  forged,  and 
treated  in  the  usual  way.  These  forgings  passed  test 
on  first  presentation,  and  the  tests  did  not  show  any 
signs  of  non-metallic  impurities.  In  order,  however, 
to  make  certain  that  these  did  not  exist,  we  askc<l  the 
department  who  were  m.ichining  tlic  forgings  to  watch 
them  very  carefully  outside  and  inside  and  report  if 
any  sign  of  non-metallic  impurities  was  discovcreil  ; 
no  trace  at  any  stage  was  noticed,  and  as  a  further 
precaution  <a  very  light  cut  was  taken  ofl  the  outside. 
The  cutting  remained  intact  without  breaking,  showing 
that  there  were  no  defects.  As  the  result  of  this 
satisfactorv-  experience  we  were  asked  if  we  could  not 
produce  all  the  articles  for  this  class  of  work  from  the 
electric  furnace.  It  should  be  added  that  bad  steel 
can  be  produced  from  an  electric  furnace  equally  as 
well  as  from  any  other  type  of  furnace,  but  this  can 
be  avoided  by  having  trainc<l  men  in  charge  of  the 
operation. 

Mr.  A.  M.  Taylor  :  I  should  like  to  make  a  sugges- 
tion. It  seems  t<j  me  practicable  to  supply  a  single-phase 
furnace  from  a  three-phase  main,  by  superimposing  the 
single-phase  load  at  the  generating  stat  ion,  in  such  manner 
that  there  shall  be  no  material  disturbance  to  the 
existing  consumers  on  the  mains,  and  at  any  periodicity 
which  might  l)c  useful  to  the  furnace  people.  The 
demand  for  single-phase  furnaces  might  be  met  in  that 
way  by  the  large  corporations  and  others  whose  mains 
go  close  to  the  makers'  works,  and  it  would  cost  the 
corporation  very  little  indeed  to  give  the  supply. 
Another  point  is  the  cost  of  power.  I  had  occasion  to 
go  very  carefully  into  the  actual  "  running  "  costs  some 
time  ago  in  connection  with  a  supply  to  large  batteries, 
and  the  figures  which  I  obtained  will,  I  think,  not  be 
far  wrong,  except  that  they  were  at  pre-war  prices. 
I  made  out  that  the  actual  "  running  "  cost  of  ]>ower, 
apart  from  all  ch.irges  of  the  nature  of  fixed  charges, 
was  only  of  the  order  of  aliout  Jd.  per  unit.  If  wc  can 
get  an  off-jieak  load — for  example,  if  the  steel  makers 
could  take  their  supply  during  the  night  time — I  do 
not  see  why  something  like  j|d.  a  unit  might  not  be 
charge«l  under  that  limitation.  The  rest  is  merely  a 
question  of  load  factor.  If  the  steel  makers  will  only 
give  us  the  lo.ad  continuously  all  the  hours  of  the  year, 
I  do  not  see  why  soinething  l>ctween  j*l.  and  jd.  might 
not  be  possible  in  nianv  cases.  At  any  late  a  sort  of 
mixed  fate  might  l>e  ofTered,  whereby  thev  had  a  low 
rate  at  night  and  a  different  rate  during  the  day. 
Electrical  engineers  should  rcmcmlwr  how  they  captured 
the  motor  load  some  15  years  ago,  and  how  for- 
tune favourc<l  their  attempt  to  offer  current  at  prices 
which  seeino<I  almtwt  ridiculously  low  to  the  average 
station  engineer  ;  ami  they  should  repeat  those  tactics 
n<  iw 

Mr.  A.  Imbcry  (commiinicaled) :  The  papers  are 
chirtly  confined  to  arc  furnaces,  and  this  1  think  is 
rather  unfortunate,  as  there  are  other  types  of  furnaces 
which  have  great  commercial  possibilities  for  steel  and 
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allied  trades.  I  should  like  to  make  reference  to  a 
furnace  which  has  been  put  on  the  market  in  the  United 
States  and  possesses  several  special  and  unique  features. 
This  furnace  is  a  high-frequency  induction  furnace  and 
can  be  operated  at  high  voltages,  thus  obviating  the 
capital  outlay  necessaiy  for  transformers,  which  are 
necessary  on  the  arc  and  induction  types.  Another 
important  advantage  is  that  no  electrodes  are  necessary 
for  the  operation  of  this  furnace,  thus  cutting  out  a 
certain  amount  of  heat  losses  and  improving  the  mechan- 
ical and  electrical  construction,  in  addition  to  obviating 
certain  difficulties  which  are  inherent  to  all  types  of 
arc  furnaces.  Particulars  of  this  interesting  furnace 
were  given  before  the  Faraday  Society  some  little 
time  ago,  and  details  are  published  in  their  Joitrjial. 
ITnfortunately  these  furnaces  aie  only  made  at 
present  in  small  sizes  up  to  about  50  kw.  The 
chief  advantage,  to  my  mind,  o;  this  type  of  furnace 
is  that  we  can  smelt  both  ferrous  and  non-ferrous  metals 
without  electrode  losses,  and  no  contamination  of  the 
charge  is  obtained  during  the  smelting  or  refining 
period.  The  figures  given  by  Mr.  Mercer  respecting 
the  performance  of  the  various  furnaces  in  this  country 
are  very  interesting  and  prove  a  very  valuable  sum- 
mary of  the  operating  cost  of  electric  furnaces.  Accord- 
ing to  these  figures  we  do  not  appear  in  this  country 
to  be  getting  anything  like  the  efficiency  and  the  number 
of  heats  per  day  that  are  claimed  for  the  American 
electric  arc  furnaces.  According  to  the  American 
claims,  the  working  cost  of  their  arc  furnaces  is  much 
less  than  the  figures  obtained  in  this  country.  Some 
tests  taken  last  August  on  one  of  the  American  3-ton 
arc  furnaces  showed  that  these  melted  on  the  average 
49,000  lb.  of  metal  per  day,  giving  an  average  of 
slightl}'  better  than  8  heats  per  day.  They  claim  that 
the  current  consumption  with  this  type  of  furnace 
averages  580  units  per  ton,  and  it  has  been  possible  to 
make  11  heats  in  24  hours  on  this  furnace.  The  trans- 
formers for  operating  these  furnaces  are  of  the  poh'phase 
water-cooled  type,  and  are  supplied  in  the  following 
capacities  for  various  sized  furnaces  :  3  tons,  1,000  k.v.a.; 
6  tons,  1,800  k.v.a.  ;  10  tons,  3,000  k.v.a.  The  trans- 
former ratings  are  based  on  a  40  degrees  C.  rise  in 
temperature  at  full  load.  The  furnace  operates  with  a 
live  bottom  so  that  each  electrode  comes  into  operation 
when  touching  the  charge.  At  the  melting  down  of 
the  charge  the  furnace  is  arranged  to  operate  with  a 
relatively  long  arc  and  high  voltage.  In  refining,  the 
length  of  the  arc  and  also  the  voltage  are  reduced, 
without  verj'  materially  altering  the  current.  It  is 
claimed  that  the  long  arc  is  an  advantage  in  melting 
down  a  charge  of  cold  scrap  owing  to  the  arc  gyrating 
over  a  longer  radius  around  the  electrodes  and  thus 
fusing  or  melting  more  of  the  metal.  A  shorter  arc  is 
an  advantage  when  refining,  as  the  greater  arc  length 
has  a  damaging  effect  on  the  refractories.  I  certainly 
think  it  is  a  step  in  the  right  direction  to  operate  the 
furnace  at  as  high  a  power  capacity  as  possible,  so  that 
we  can  get  the  tonnage  output  at  the  minimum  cost. 
The  capital  expenditure  required  for  electric  arc  furnaces, 
complete  with  transformers  and  s^sitchgear,  is  very 
high  compared  with  other  methods  of  steel  production, 
and  I  certainly  think  it  is  up  to  electrical  engineers  to 


bring  down  the  capital  charges  very  considerably, 
especially  for  the  smaller  types  of  furnaces.  I  do  not 
hold  any  brief  for  the  American  electric  furnace,  but 
I  think  we  could  take  a  leaf  out  of  their  book  with  some 
advantage.  In  conclusion,  I  think  there  will  be  con- 
siderable development  in  the  electric  furnace  work  in 
this  country  in  the  brass  and  allied  trades.  I  consider 
that  the  resistance  type  of  furnace  offers  considerable 
commercial  advantages  compared  with  the  existing 
methods  of  crucible  smelting,  and  I  think  it  is  rather 
a  pity  that  no  reference  has  been  made  to  the  resistance 
types  of  furnace  for  low-temperature  work  and  the 
smelting  of  non-ferrous  metals. 

Mr.  E.  C.  Sprague  {communicated)  :  Mr.  Bibby,  in 
his  paper,  and  speakers  in  the  discussion,  have  raised 
the  question  as  to  when  electrode  manufacturers  would 
produce  electrodes  of  a  larger  diameter  than  those  now 
available.  Spealdng  for  graphite  electrodes,  I  can  say 
that  the  manufacturers  at  Niagara  Falls  reaUzed  some 
time  ago  that  this  demand  for  larger  electrodes  would 
be  made,  and  at  that  time  they  equipped  their  plant 
with  the  necessary  machinery  and  apparatus  for  pro- 
ducing large  graphite  electrodes,  probably  up  to  16 
Inches  diameter.  Unfortunately  the  manufacture  of 
graphite  electrodes  is  not  the  simple  process  indicated 
by  one  speaker,  and  although  the  tools  for  manufacturing 
larger  electrodes  are  on  hand  it  remains  to  learn  how  to 
use  them  properly.  No  one  who  has  not  had  actual 
experience  in  this  particular  work  can  realize  what  a 
big  manufacturing  problem  it  is  to  increase  the  size 
of  graphite  electrodes  from  12  inches  to,  even,  14  inches, 
how  many  months  of  non-productive  expeiimental 
work  are  involved,  how  many  costly  failures  must  be 
experienced.  The  difficulties  are  far  greater  than 
indicated  by  the  proportional  increase  in  the  diameter. 
During  the  war  the  tremendous  demand  for  all  classes 
of  electrodes  made  it  impossible  for  the  Niagara  Falls 
manufacturers  to  spare  time,  equipment  or  power  for 
experimental  work  which,  for  a  considerable  period,  was 
bound  to  be  non-producti\-e.  Now,  however,  it  will  be 
possible  to  take  in  hand  the  production  of  these  larger 
sizes  till  success  has  been  attained.  I  should  like  those 
interested  in  this  question  to  know  that  the  manufac- 
turers of  graphite  electrodes  have  the  problem  actively 
in  hand.  In  connection  with  fhis  same  question,  it 
seems  to  me  that  perhaps  the  users  of  graphite  electrodes 
in  this  countrs'  are  a  little  conservative  about  forcing 
these  electrodes  to  carry  the  maximum  current.  Mr. 
Mercer  and  Mr.  Stobie  intimated  that  10,000  to  11,000 
amperes  was  about  the  limit  that  could  safely  be  carried 
by  a  12-inch  graphite  electrode.  There  are,  however, 
installations  on  the  Continent  and  in  America  where 
12-inch  electrodes  are  being  used  regularly  to  carry 
15,000  to  20,000  amperes  and  with  apparently  satis- 
factory results.  I  realize  that  many  other  things  than 
the  actual  carrying  capacity  of  an  electrode  determine 
the  maximum  current  that  can  be  used  on  any  particular 
size,  but  I  think  the  possibility  of  increasing  the  amperage 
generally  used  on  these  larger  electrodes  should  receive 
careful  consideration.  If,  as  stated  by  Mr.  Stobie, 
fully  75  per  cent  of  the  electrode  consumption  in  an 
ordinary  electric  furnace  is  due  to  surface  burning, 
naturally  the  smaller  this  surface  the  less  will  be  the 
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proportionate  loss  from  this  source.  In  regard  to  the 
statement  by  one  speaker  that  before  the  war  his 
electrodes  (presximably  graphite  electrodes)  bought  in 
America  cost  him  £^o  per  ton,  while  the  last  lot  received 
had  cost  him  /140  per  ton,  I  can  only  say  that  by  far 
the  larger  part  of  this  increase  must  be  blamed  to  the 
increase  in  the  cost  of  ocean  freight,  because  the  manu- 
facturers of  graphite  elcctnxlcs  liave  not  increased  their 
prices  t»  anything  like  this  extent. 

Mr.  W.  Travis  (commutncaUd) :  One  important  point 
introduced  by  this  discussion  is  the  scope  of  electric 
furnaces,  and  several  speakers  have  referred  to  the 
electric  furnace  as  being  of  no  use  for  tuming  out  large 
quantities  of  steel.  This  is  quite  contran-  to  the  views 
of  many  steel  makers  who  have  given  attention  to  this 
problern,  and  it  may  he  of  interest  to  mention  that  a 
large  plant  is  being  put  down  in  this  country  for  refining 
hot  metal  in  the  electric  furnace.  The  present  practice 
is  to  Uke  molten  pig  from  the  blast  furnaces  into  the 
basic  open-hearth  furnaces,  and  in  the  new  plant  it  is 
proposed  to  charge  the  molten  pig  into  a  basic  Bessemer 
converter  and  after  a  short  treatment  transfer  it  to  a 
Greavcs-Etchells  electric  furnace  where  it  will  be  com- 
pletely refined.  The  gases  from  the  blast  furnaces  are 
used  for  generating  electrical  power,  and  energy  can  be 
generated  at  ver\'  much  lower  prices  than  it  is  possible 
to  obtain  it  from  power  companies'  mains.  It  is  hoped 
by  this  Bessemer-electric  process  to  produce  steel  at 
a  lower  cost  than  is  possible  by  the  present  open-hearth 
method.  That  steel  makers  should  be  prepared  to 
spend  vast  sums  of  money  in  the  United  States  and  in 
this  countr>'  on  developing  schemes  of  this  description 
proves  that  there  is  considerable  confidence  in  the 
pro<luction  of  electric  steel  in  large  quantities  at  a 
reasonably  low  price.  In  connection  with  the  scope  of 
electric  furnaces,  no  one  appears  to  have  referred  to 
their  use  in  connection  with  the  manufacture  of  steel 
castings,  for  which  they  are  particularly  suited  and  are 
rapidly  replacing  other  methods.  It  would  appear 
that  the  B4K)th-Hall  Furnace  (Fig.  3,  page  248)  and  the 
Stobie  Furnace  (Fig.  1,  page  268)  are  identical  with  the 
F:iectro-Mctals  furnace,  the  mere  introduction  of  two 
hearth  connections  making  no  practical  difTcrencc  in 
the  operation  of  the  furnace.  The  statement  on  page  248, 
that  two  sets  of  grids  in  the  hearth  arc  electrically 
insulated  from  each  other,  requires  further  explanation, 
aa  they  arc  cmbetlded  in  a  conductive  hearth.  The 
intro<iuction  of  an  auxiliary  electrode  in  the  Booth-Hall 
furnace  is  one  that  docs  not  commend  itself  from  an 
operation  point  of  view,  as  it  only  increases  the  electrode 
consumption  with  no  ri,mi>ensating  advantage.  The 
energy  consumption  given  by  Mr.  liootli  on  page  249 
compares  very  favourably  with  luiglish  practice  as 
given  in  Mr.  Mercer's  paper,  but  the  figures  as  to  energy 
consumption  arc  very  misleading.  In  the  United 
Statf<<.  stcrl  foundry  practice  is  usually  considerably 
ahra'l  oj  our  pr.ictice  on  this  side,  and  good  quality 
•crap  id  av.TiUl.ln  in  considerable  quantities.  Acid-lined 
fumar'  ■•  (ore  almost  imivcrsal  fur  the  manufac- 

ture of  .ind  elt-i  trie  furnarcs  arc  used  merely 

OS  melting  m.nrhines,  the  mrtnl  l>cinK  teemed  immcfliately 
it  rcachcii  canting  trmjx-r.iture.  This  is  quite  contrary' 
to  the  usual  F'nglish  juartito.  where  basic  furnaces  are 
almost   alwa>-»   used   and   the  atcci   refined   under  two 


slags.  The  furnaces  shown  in  Figs.  2  and  3  in  Mr. 
Stobie's  paper  have  the  verA-  great  disadvantage  that 
the  electrodes  are  not  independent  of  each  other  and 
special  means  of  electrode  regulation  have  to  be  adopted. 
Electrically  they  appear  to  have  no  advantage  over  the 
original  Hiroult  system.  Mr.  Stobie  makes  many 
definite  statements  with  which  one  can  disagree  ;  for 
instance,  on  pagc26S  hest.^tes  that  "  Long  experience  has 
shown  that  bottom  electrodes*.  .  .  arc  very  undesirable 
in  large  furnaces."  1  am  quite  convinced  that  there  is 
not  the  slightest  foundation  for  any  such  assertion,  as 
Ixittom  electrodes  have  been  used  with  great  advantage 
in  all  sizes  of  furnaces.  Provided  the  current  density 
per  square  foot  of  effective  hearth  area  does  not  exceed 
500  amperes,  no  difficulty  whatever  will  be  experienced. 
There  are,  no  doubt,  great  advantages  in  using  an 
efficient  economizer,  and  there  are  several  efficient  types 
now  in  use  giving  much  better  results  than  those  given 
by  Mr.  Mercer  on  the  Stobie  furnaces.  The  "  tele- 
scopic "  type  shown  in  Fig.  8  was  tried  long  ago  in 
several  ShelTicld  works  and  discarded  as  useless.  It  is 
now  generally  accepted  that  circulation  of  the  metal 
in  the  bath  is  not  caused  by  the  magnetic  forces  produced 
by  current  passing  through  the  metal,  and  as  automatic 
circulation  of  the  metal  is  admitted  to  be  a  very  desir- 
able function  of  any  electric  furnace,  the  "  Greaves- 
Etchells  "  system  appears  to  have  a  great  advantage. 
In  any  furnace  with  top  arcs  only  the  top  layer  of  the 
bath  is  superheated,  while  the  bottom  may  be  compara- 
tively cold,  and  frequent  rabbling  of  the  steel  is  necessary 
to  ensure  a  uniform  product.  In  the  Greaves-Etchells 
furnace,  if  a  bar  is  placed  in  the  metal  and  the  voltage 
measured  at  full  load  between  the  bar  and  the  steelwork 
of  the  furnace  body,  a  reading  is  obtained  of  6  to  10 
volts,  and  if  the  heat  generated  by  the  hearth  is  also 
measured  it  is  found  that  8  to  10  jwr  cent  of  the  total 
energy  applied  to  the  furnace  is  generated  in  the  hearth. 
This  feature  is  most  effective  in  promoting  circulation 
of  the  metal.  This  circulation  also  accounts  for  the 
rapid  deoxidization  of  the  metal  in  the  furnace,  as 
the  whole  bath  is  brought  into  constant  contact  with  the 
slag.  A  simple  test  of  the  efficiency  of  bottom  heating 
is  in  making,  say.  an  alloy  steel,  where  an  element  such 
as  tungsten  is  used.  The  melting  jviint  of  the  steel 
before  tungsten  is  added  is  approxini.itcly  i.^/S"  C., 
and  the  specific  gravity  say  7-8.  To  this  may  Ix^  added 
say  19  per  cent  of  tungsten,  which  has  a  melting  point 
of  3,267°  C.,  and  specific  gravity  iq-oz,  and  the  only 
thing  that  can  happen  in  a  top-heated  furnace  is  for 
this  to  go  straight  to  the  bottom  and  stay  there.  In  a 
furnace  with  the  Greavcs-Etchells  sj'stcm,  fresh  and 
.saturated  steel  is  constantly  moving  in  contact  with 
the  tungsten  until  a  balance  is  automatically  reached. 
An  additional  advantage  of  generating  part  of  the 
heat  by  resistance  of  the  hearth  is  the  corresponding 
saving  in  the  electrode  consumption.  Mr.  Bibby's 
statement  that  the  energy  generated  in  the  hearth  is 
,-ilmost  entirely  lost  may  be  true  of  furnaces  of  the 
Elertio-Metals  type,  but  docs  not  apply  to  a  furnace 
with  a  properly  designed  hearth,  as  the  outside  casing 
at  the  Ixittom  is  usually  much  cooler  than  the  side* 
of  the  furn.ice. 

[The  authors'  rcjilies  to  this  discussion  will  be  found 
on  page  298] 


DISCUSSION    ON   "ELECTRIC   FURNACES." 


291 


North  Midland  Centre,  at  Sheffield,  29  April,  1919. 


Mr.  S.  E.  Fedden  :  It  may  be  of  interest  if  I  give  a 
short  resume  of  the  advance  of  the  electric  furnace 
industry  in  Sheffield.  In  1882  the  late  Sir  William 
Siemens  melted  20  tons  of  steel  electrically  and  thought 
he  had  done  a  very  great  thing.  In  1902,  pig  and  scrap 
iron  were  made  into  steel  on  a  commercial  basis  in 
electrical  furnaces,  but  practical  men  took  some  time 
before  they  would  even  try  the  experiment.  The  first 
firm  to  do  so  in  Sheffield  on  any  large  scale  was  Messrs. 
Edgar  Allen  &  Company,  who  installed  a  single-phase 
furnace,  and  shortly  afterwards  Messrs.  Thomas  Firth 
and  Sons  followed  suit.  These  furnaces  were  run  off 
motor-generators  and  we  had  very  little  trouble.  The 
next  furnace  installed  was  in  1910,  when  we  tried  to 
supply  a  two-phase  furnace  from  transformers  direct. 
That  was  an  Electro-iSIetals  furnace  and  we  had  a  lot 
of  trouble  with  it.  In  1914  we  connected  up  11  furnaces 
of  different  t)-pes  taking  13,000  kw.,  and  18  furnaces 
taking  14,000  kw.  were  added  in  1917.  In  1918  we 
added  a  further  7  furnaces,  so  that  altogether  we  con- 
nected up  in  a  very  short  period  furnaces  taking  an 
output  of  no  less  than  35,400  kw.  That,  in  addition 
to  the  increase  in  the  motor  and  lighting  load,  made  us 
wonder  how  we  were  going  to  supply  them.  We  prac- 
tically doubled  the  size  of  Neepsend  power  station, 
laid  hundreds  of  miles  of  mains,  and  were  able  to  cope 
with  the  very  rapidly  increasing  demand,  so  much  so, 
that  the  units  sold  increased  from  26  millions  to  172 
millions  in  three  years,  and  our  maximum  load  from 
14,000  kw.  to  59,000  kw.  Turning  now  to  the  papers, 
the  Booth-Hall  and  the  Sahlin  furnaces  appear  to  be 
merely  modifications  of  the  Electro-Metals  furnace. 
In  Mr.  ISIercer's  paper,  on  the  first  page  he  says  the 
nominal  output  in  tons  per  month  is  based  on  five- 
sevenths  of  a  week,  which  represents  a  nominal  load 
factor  of  about  70  per  cent.  In  the  second  column 
on  page  255,  Mr.  Mercer  shows  that  manufacturers 
only  use  their  furnaces  for  castings  46  per  cent,  and  for 
ingots  59  per  cent,  of  the  nominal  load  factor.  That 
reduces  the  load  factor  to  about  30  per  cent,  and  if  we 
assume  the  diversity  factor  for  the  whole  system  to  be 
two,  that  brings  down  the  individual  load  factor  on 
each  furnace  to  15  per  cent.  For  such  a  load  manufac- 
turers ought  to  pay  3d.  or  3id.  a  unit  ;  whereas  the 
Corporation  of  Sheffield  have  been  supph-ing  electrical 
energy  at  o'6d.  per  unit  for  the  manufacture  of  steel. 
In  Table  5  on  page  256,  the  figures  for  "  units  per  ton  " 
are  900,  1,830,  5,250,  1,950,  and  1,000.  Surely  that 
shows  a  great  lack  of  care  and  knowledge  on  the  part 
of  those  who  are  running  these  furnaces.  On  page  262 
Mr.  Mercer  refers  to  the  failure  of  supply.  Of  course 
we  connected  up  manv  more  furnaces  than  we  could 
safely  supply  from  our  plant,  but  we  had  to  do  so 
because  of  the  war.  We  had  an  arrangement  by  which 
■we  could  telephone  direct  to  manufacturers  and  ask 
them,  when  necessary,  to  reduce  the  aniount  of  power 
taken  by  the  electric  furnaces. 

Mr.  G.  E.  Dells  :  The  figures  given  by  Mr.  Mercer 
show,  first,  the  possible  output  of  steel  from  the 
furnaces    installed,    and    secondly,    the    actual    output. 


If  a  third  figure  could  have  been  given  showing  the 
finished  weight  of  steel  castings  produced  by  the  same 
furnaces,  its  smallness  would  have  occasioned  consider- 
able surprise.  As  a  matter  of  fact  the  electric  furnace 
output  of  steel  castings  until  quite  late  on  in  the  war 
was  comparatively  small,  the  bulk  of  the  output  coming 
from  the  Siemens  furnaces  and  the  side-blown  converter. 
Mr.  W.  J.  Howard  :  The  Booth-Hall  furnace,  as 
Mr.  Fedden  said,  is  an  Electro-Metals  furnace  with  the 
addition  of  a  few  talking  points.  Instead  of  having  a 
common  bottom  two  grids  electrically  insulated  from 
each  other  have  been  introduced,  but  if  the  bottom  will 
carry  current  I  do  not  see  how  the  two  grids  can  be 
insulated.  In  regard  to  the  diagram  of  connections 
with  the  three-phase  type,  I  do  not  know  what  influence 
the  third  electrode  would  have,  but  I  do  not  think  the 
arcs  would  be  steady.  If  used  as  shown  in  the  paper, 
they  would  blow  each  other  out.  Mr.  Mercer  might  have 
mentioned  the  most  suitable  melting  voltage,  which  is 
also  omitted  from  all  the  papers.  If  we  are  to  get 
cheaper  electrical  steel  I  think  it  will  be  by  an  alteration 
in  voltage.  In  many  of  the  older  furnaces  the  voltage 
is  far  too  low,  and  could  be  increased  by  perhaps  25 
per  cent.  Onl}-  in  this  way  shall  we  get  a  greater  amount 
of  energy  into  the  furnaces  in  a  short  time  and  thus 
save  radiation  losses.  The  radiation  loss  on  a  large 
furnace  might  represent  450  kw.  By  saving  an  hour 
in  melting  with  a  large  furnace  we  might  save  450 
units.  If  the  voltage  is  increased  we  shall  also  effect  a 
saving  on  electrodes  and  also  on  the  refractories  of  the 
furnace,  because  the  molten  metal  will  be  in  the  furnace 
for  a  shorter  period.  Considering  Mr.  Stobie's  paper, 
on  large-size  furnaces  he  appears  to  have  reverted 
to  single-phase  working.  I  think  it  is  a  mistake  and 
hardly  fair  to  the  supply  authority  to  try  to  make  these 
large  single-phase  furnaces  work  direct  oft"  a  three-phase 
supply.  Mr.  Stobie  mentions  six  or  seven  points  in 
connection  with  furnace  transformers.  I  assume  that 
he  is  referring  to  transformers  which  are  used  with  his 
particular  type  of  furnace.  Four  of  the  points  would 
not  apply  to  two-thirds  of  the  electric  transformers 
that  are  working  in  England  to-day,  and  I  am  not  quite 
sure  whether  such  transformers  are  the  best  type  for 
furnace  work.  I  should  like  to  ask  the  author  why 
he  states  that  as  much  as  possible  of  the  total  reactance 
should  be  incorporated  in  the  transformers.  The  size 
of  transformers  is  thereby  increased,  and  also  their  cost. 
Moreover,  the  reactance  could  not  be  reduced  if  desired. 
I  consider  it  would  be  far  better  to  build  a  transformer 
v,-ith  as  little  reactance  as  possible  and  to  add  reactance 
in  the  form  of  iron  on  the  low-tension  leads.  This 
could  be  done  at  one-fifth  the  cost.  The  heat  would  be 
outside  the  transformer  and  would  not  do  any  damage. 
To  divide  the  transformers  in  the  middle  of  the  primaries 
in  order  to  keep  them  balanced  for  voltage  alteration, 
would  double  the  number  of  tappings  and  increase  the 
quantity  of  switchgear,  resulting  in  very  expensive  and 
complicated  switchgear  and  high-tension  cable  arrange- 
ments and  rendering  it  impossible,  in  my  opinion,  to 
make  a  good  job.     ]\Ij^  idea  of  furnaces  on  an  extra- 


292 


DISCUSSION    OX    "ELECTRIC    FLKXACES." 


bigh-tcnsion  supply  is  that  they  should  have  as  little 
su'itchgcar  as  possible,  but  the  best  they  can  get,  and 
anv  devices  for  changing  the  pressure  should  be  operated 
under  oil.  I  am  not  sure  whether  it  could  be  done  with 
the  l>"pe  o(  transfonner  having  tappings  in  the  centre. 
1  wish  that  designers  of  new  furnaces  would  try  to 
improve  on  the  present  three-phase  furnaces.  I  am  of 
opinion  that  such  furnaces  are  more  rihablc  from  a 
transformer  point  of  view.  Scott-connected  transformers 
are  possibly  suitable  for  hghting  and  power  loads,  but 
jf  a  two-pha.se  furnace  control -switch  is  closed  whilst 
one  electrode  is  making  contact  with  the  metal,  five 
time*  out  of  six  the  transformer  will  break  down  due 
to  surges.  I  think  rcliabihty  should  be  one  of  the  first 
features  of  an  electric  furnace,  and  I  am  tjuite  sure 
th.it  three-phase  furnaces  are  the  most  reliable. 

Mr.  E.  H.  Crapper  :  I  was  very  interested  in  Mr. 
Howard's  reference  to  the  desirability  of  raising  the 
pressure,  which,  I  assume,  implies  a  reduction  of  current. 
1  believe  that  a  furnace  known  as  the  Belk  furnace  has 
been  recently  introduced  in  which  the  pressure  is  about 
loo  per  cent  greater  than  the  usual.  On  the  other  hand, 
it  seems  to  me  that  to  raise  the  pressure  will  mean  a 
longer  arc,  with  the  possibility  of  more  serious  heating 
of  the  furnace  cover.  If,  however,  the  economizer 
is  so  great  an  improvement,  higher  voltage  and  smaller 
current  may  mean  greater  economy  and  better  regula- 
tion. With  reference  to  Mr.  Stobic's  remarks  regarding 
the  reactance  of  transformers,  engineers  accustomed  to 
the  design  of  transformers  should  settle  such  matters. 
I  understand  that  the  information  about  wave-form  was 
obtained  from  an  oscillogram.  Was  this  obtained 
across  the  terminals  of  the  furnace  and  how  docs  it 
compare  with  the  wave-form  of  the  supply  ?  If  we 
get  the  effect  mentioned,  it  implies  the  existence  of 
harmonics,  and  it  may  be  that  the  current  wave 
remains  sinusoidal  because  one  harmonic  may  smooth 
out  others  and  the  fundamental  only  remain.  There 
is  also  another  statement  that  I  cannot  understand, 
viz.  "  The  current  wave  approximately  retains  its 
sine  shajje  and  a  lagging  power  factor  results  without 
any  pliase  displacement."  On  the  next  page  the  author 
states  that  "  the  total  inipeihincc  at  the  moment  of 
starting  a  large  furnace  with  poor  scrap  sometimes 
rc.i' lies  over  90  jK-r  (cnt."     Of  wliat  is  it  <>o  per  cent  ? 

Mr.  W.  E.  Burnand  :  1  was  never  able  to  understand 
why  the  ])assage  of  an  electric  current  through  molten 
metal  should  cause  the  metal  to  circulate  ;  but  since 
It  was  put  forward  as  an  obscr\'ed  fact  by  so  many 
people,  there  seemed  little  room  for  argument.  Mr. 
Stobie's  experiments,  which  apjiear  to  Ix;  conclusive^ 
arc  therefore  welcome  .%s  remnciling  practice  with 
thr^TV  .\t  til''  %Axnc  time  I  will  not  s;iy  that  it  is 
■  circulation  by  gftt'OK  a  relative  dis- 
j  t    How    to   magnetic    field    similar   to 

that  utilized  in  the  homo|iolar  generator.  The  arrangc- 
nif-nt  mentioned  by  Mr.  Stobie,  of  apparently  a  direct 
I  urrrnt  in  the  external  magnet,  would  give  an  alter- 
'  lit  vibration  only.  This  would 
II-'.  as  very  little  of  the  external 
flux    wuaUl    \  m\\    the    steel    shell    of    the 

furnace.     An'.;  iuuh  electromagnetic  mctlunl 

of  inducing  a  cucuUlioii  <if   the  molten   metal   would 


be  by  means  of  a  rotary  magnetic  field  which  could 
be  obtained  by  two  or  more  low-voltage  heavy-current 
circuits  outside  the  furnace  hning  but  inside  the  steel 
shell.  This  would  be,  of  course,  a  bigger  job  than  the 
cotton -covered  winding  in  an  electric  motor,  but  it 
could  be  done  if  it  were  worth  while.  Again,  most 
two-phase  and  three-phase  furnaces  are  apparently 
intended  to  be  two  or  three  ."^ingle-phase  furnaces  inside 
one  shell.  There  seems  to  be  rather  a  fallacy  in  con- 
nection with  this.  The  idea  seems  to  be  that  if  we 
keep  the  transformer  windings  entirely  separate,  one 
phase  from  the  other,  there  will  be  no  intermingling  of 
the  current  in  the  bath  or  in  the  transformer  windings. 
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Fig.  a. — (A,)  and  (Aj)  give 
the  distribution  of  lines  shown 

in  (A). 

Note. — (A})  and  (Dj)  show  ttraiKht  magnets  on  a  common  yoke,  which  io 
this  caM-  u  a  ditk,  but  could  be  a  rin£  or  a  crott  wiUiout  ob»er\aUc  dlfi«rcnc« 
la  It*  c0Kt. 


Fig  n— (B,),  (B,)  and  (Bj) 
give  the  distribution  of  linos 
shown  in   (U). 


As  a  matter  of  fact  it  docs  not  make  any  difference 
whether  the  transformer  windings  are  sejiarate,  star- 
connected,  or  mesh-connected  ;  the  distribution  of 
current  in  the  furnace  is  exactly  the  same  and  will 
vary  in  the  bath  strictly  in  proportion  to  the  potential 
difference  In-tween  the  electrodes.  An  analogy  Is  the 
U-shaped  magnet.  If  we  take  two  magnets  to  represent 
two  phases  we  can  arrange  tlicni  as  we  do  the  electrodes 
in  the  metal  bath,  and  a  few  iron  filings  spnnklcd  on 
a  ])iece  of  ivii>er  (smooth)  or  card  over  the  magnets 
will  indicate  the  direction  and  strength  of  the  flux  from 
and  between  the  jwles.  It  will  be  found  that  instead 
of  the  currents  crossing  conveniently  from  one  electrode 
to  the  other  as  in  Fig.  2  of  Mr.  IJoolh's  paper,  it  is 
jKissiblc  for  the  fluxes  to  arrange  themselves  in  two, 
more  or  le.HS  ]>arallel,  circuits  or  for  thorn  to  arrange 
themselves  in  series,  and  that  the  external  flux  is  just 
the   same   with    the   two   sejiarate   U   magnets   as  with 


DISCUSSION   ON   "ELECTRIC   FURNACES." 


293 


the  corresponding  magnets  of  the  same  polarity  utiUzing 
a  common  yoke.     I  have  drawn  a  diagram  (Figs,  A  and 
B   herewith)    showing   this,   which,    though   elementary, 
I  was  unable  to  find  in  one  or  two  textbooks,  and  it 
mav  therefore  be  useful  for  reference.     It  is  interesting 
to  notice  that  when  the  two  U  magnets  are  crossed  as 
in  (Bj),  Fig.  B,   we  get  no  crossing  of  the  flux  from  the 
poles  but  only  two  paths  of  flow  as  in  (B) .    The  magnets 
virtually  act  in  series,  so  that  to  cross  the  circuits  is 
actually  a  disadvantage  rather  than  otherwise,  though 
I   doubt  if  there  would   be   any   perceptible  difference 
in  practical  operation  except  due  to  secondary  causes 
unconnected   with   the  crossing   of  the   circuits.     With 
two  phases  we  do  not  get  quite  the  same  effect  as  that 
shown   by  the   two   magnets,     \^'hen   the  currents  are 
the  same  strength,  or  in  phase,  we  get  the  same  effect, 
but  when  the  current  in  one  phase  is  zero  and  in  the 
other  is  a  maximum,  we  get  the  actual  crossing  shown, 
viz.    diagonally    froni    one    electrode    to    the    other   of 
opposite   potential,    the   electrode   at   zero   potential  of 
course  having  no  effect.     During  the  remainder  of  the 
time  we  get  a  certain  amount  of  intermingling  of  the 
currents  whether  the  transformer  windings  are  entirely 
separate   or  not.     As   the   passage   of   current   through 
the  malten  bath  has  no  appreciable  heating  effect  owing 
to  the  low  resistance,  and  as  the  supposed  tendency  of 
the  metal  to  circulate  does  not  exist,  and  the  transformer 
circuits  have  no  effect  on  the  distribution  of  current 
in  the  furnace  except  as  this  may  affect  the  potential 
at    the    electrodes,    many    claims    made    for    different 
arrangements  have  only  a  poor  foundation,  but  there 
are  still  real  differencjs  between  furnaces  in  connection 
with    the    design    and    perfection    of    practical    details. 
The   load   on    transformers   is    verj'    severe   and    much 
above   what   is   often   specified,    and    when   a   furnace- 
maker  calls  for  loo-kw.  transformers  I  think  it  is  well 
to  quote  for  200-kw.  transformers  with  a  loo-kw.  label 
and  a  250-kw.  price  to  make  up  for  the  cost  of  the  extra 
bracing   required.     The   result   is   far   cheaper   than   to 
install  smaller  transformers  and  overload  them.     With 
regard    to    the   voltage-wave   distortion    mentioned    by 
Mr.  Stobie  on  page  272,  the  dip  in  the  top  of  the  voltage 
wave  is   due   to   the   reactance   or  impedance   external 
to  the  furnace,  in  conjunction  with  the  characteristics 
of  the  arc,  and  we  get  a  power  factor  less  than  unity 
without  a  lagging  current.     It  would  be  more  correct 
therefore  to  call  it  a  lower  power  factor  without  phase 
displacement,  or  at  anj'  rate  not  due  to  phase  displace- 
ment.    This    of    course    applies    to    the    power    factor 
across   the   arc,   as   the   current   as   a   whole   is   always 
lagging   behind   the   voltage   wave   at   the   transformer 
terminals.     Referring    to    the    last    paragraph    in    IMr. 
Stobie's  paper  regarding  the  arc-blowing  action,  I  think 
what  happened  was  a  variation  of  the  "  pinch  effect." 
It  is  well  known  that  if  a  large  current  is  passing  through 
a  conductor  there  is  a  compressive  or  pincliing  action, 
and  if  the  current  densitj'  is  sufficient  that  action  will 
pinch  the  molten  metal  into  two  and  separate  it.     The 
arc  ensuing  vaporizes  a  certain  amount  of  metal  and 
blows  the  molten  metal  away.     That  breaks  the  arc. 
\^^len  the  arc  is  broken  the   vaporizing  effect  ceases. 
The  molten  metal  then  rushes  back  and  causes  a  short- 
circuit  as  mentioned  in  the  paper. 

Vol.  57. — Supplement. 


Mr.  J.  L.  Thompson  :  The  failures  in  service  of  trans- 
formers on  the  earher  furnaces  installed  in  this  country 
were  not  in  the  main  due  to  any  fault  of  the  transformer 
manufacturers.  Failure  occurred  due  to  the  following 
reasons,  which  are  based  on  my  personal  investiga- 
tions :  (i)  Furnace  makers  not  knowing  the  exact 
requirements  as  regards  reactance  characteristics, 
voltage  range,  load  requirements  and  unbalanced  loads. 

(2)  The  bad  lay-out   of  the  heavy  lew-tension  leads. 

(3)  The  bad  ventilation  of  the  transformer  substations, 
(-t)   The  unskilled  labour  used  for  operators,   and  the 
neghgence  of  these  operators  in  keeping  the  apparatus 
clean   and   in   good   condition.     With   reference  to  (i), 
I   designed   apparatus   a   few   years   ago   to   a   furnace 
maker's  requirements,  a  specification  in  which  a  react- 
ance of  only  I  •  5  per  cent  was  required,  while  now  that 
same  furnace  maker  requires  10  to  12  per  cent  reactance, 
and  sometimes  even  higher  values.     Another  furnace 
maker  about  the  same  time  required  17  per  cent  react- 
ance, while  now  8  to   10  per  cent  is  his  requirement. 
With  reference  to  (2),  I  have  been  called  in  on  several 
occasions  to  explain  why  transformers  would  not  give 
the  requisite  power,  and  on  each  occasion  I  have  found 
that  it  was  due  to  the  crude  and  unscientific  lay-out  of 
the  low-tension  circuit  which  resulted  in  the  whole  of 
the  voltage  being  absorbed  in  the  circuit  so  that  none 
remained  to  strike  or  maintain  an  arc  in  the  furnace. 
A  reconstruction  of  the  lay-out,  which  in  each  case  had 
been  originally  made  by  the  furnace  builder  or  consulting 
engineer,   remedied  the  defect.     I  have  detailed  these 
points  to  draw  attention  to  the  fact  that  if  the  furnace 
makers  had   initially   taken  the  transformer  manufac- 
turers into  their  confidence,  much  trouble  and  expense 
would   have  been  saved   and  the  development  of  the 
electric    furnace    would    have    been    more    rapid.     Mr. 
Stobie  under  heading  (-))  gives  a  series  of  seven  require- 
ments for  furnace  transformers.     With  some  of  these 
requirements  I  agree,  but  others  give  cause  for  comment. 
Under  (1)  he  states  that  the  current  density  should  be 
low,  and  later  he  says  it  should  not  exceed  1,260  amperes 
per  square  inch.     I  should  like  to  know  how  he  arrived 
at    this    figure.     When    dealing    with    heavy    currents, 
current  density  alone  is  not  the  limiting  factor  of  heat- 
ing.    I  know  from  experience  that  the  above  is  too  low 
a  value  and   results  in  increased    edd3"-current   losses 
due  to  heavy  sections  of  copper  and  reduced  cooling, 
since   with  increased   copper  section   ventilating  ducts 
cannot  be  liberal.     This  will  be  appreciated  when  one 
considers  that  the  eddv-current  loss  in  the  low-tension 
copper  often  equals  the  I-  R  loss,  and  with  high-reactance 
transformers  often  exceeds  it.     For  500  k.v.a.  a  current 
density  of    1,750   amperes,    and   for   4,000   k.v.a.   with 
forced  cooUng  approximately  3,000  amperes  per  square 
inch  can  be  safely  used,  if  the  British  standard  rating 
is  adopted  and  adequate  ventilating  ducts  are  provided. 

I    Under  (2),  ventilating  ducts  must  be  carefully  considered. 

1    I  agree  with  this,  and  would  go  further  and  say  that  the 

I  ducts  should  be  many,  and  one  for  every  f  inch  of  coil 
depth  as  a  minimum,  to  prevent  internal  heating.  I 
agree  with  item  (3),  except  that  bracing  should  be 
provided  on  all  sides  of  coils  in  which  movement  is 
possible,  and  should  be  so  designed  as  not  to  interfere 

i  with  adequate  ventilation      Item   (4)  suggests  that  all 
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low-tension  coils  should  be  taped  ;  with  this  I  disagree, 
from  the  point  of  view  of  cooling  and  insulation.  A  solid 
insulation  bamer  between  turns  is  necessan-  and  a  bare 
surface  in  order  to  allow  the  heat  generatetl  to  flow 
without  imp)eilimcnt  into  the  coohng  medium.  If  a 
poor  quality  of  transformer  oil  is  used,  to  tape  the  coil 
or  to  tin  the  copper  would  reduce  the  possibility  of 
sludging.  I  agree  in  part  with  item  (5),  but  provision 
must  be  made  for  possible  expansion  of  the  copper  under 
liij;h  working  temperatures,  since  the  clamps  are  usually 
livcti  when  the  windings  are  cold  and  serious  distortion 
place  if  no  allowances  arc  made  in  any  one 
I  also  agree  with  item  (6),  but  I  should  like 
to  f  o  that  the  magnitude  of  the  mechanical 

■strcK-  ;  :  lo  on  the  transformer  windings  is  nothing 
like  the  magnitude  of  the  stresses  on  a  power  transformer. 
The  magnitude  of  these  stresses  on  power  transformers 
was  fully  dealt  with  in  a  recent  paper  on  "  Large  Power 
Transformers."  •  To  give  an  idea  of  the  stresses,  let 
us  take  first  a  power  tran.sformer  :  2,200  k.v.a.  single- 
phase  transformer  with  5 -5  I^r  cent  reactance,  25 
pernxls.  Here  the  stress  on  the  end  coils  (sandwich 
t  ■.;••■'  in  an  axial  outward  direction  on  a  dead  short- 
<:r,uit  is  approximately  75  tons.  Taking  the  same 
size  of  transformer  for  furnace  work  with  10  per  cent 
reactance,  short<ircuited  by  dropping  the  electrodes 
on  to  the  metal  during  the  melting  period,  with  a  power 
factor  of  approximately  o-8,  i.e.  with  60  per  cent  react- 
.ance  in  transformer,  leads,  and  furnace,  the  stress  on 
the  coils  in  an  outwanl  direction  is  of  the  order  of 
0-5  ton.  If  the  electrode  short-circuits  the  transformer 
t)iri>iigh  a  molten  bath,  the  power  factor  being  approxi- 
m.-ilely  o<)2.  the  reactance  of  the  circuit  is  approxi- 
mately 38  per  cent  and  the  stress  on  the  coils  in  an 
outward  direction  is  of  the  order  of  1-2  tons.  If  the 
transformer  were  accidentally  short-circuited  across  the 
low-tension  tcnmin.-ils,  then  with  a  reactance  in  the 
transformer  <if  10  \^t  cent  the  stress  would  be  approxi- 
m.itflv  24  tons.  1-rom  the  above  it  will  be  seen  that 
the  magnitude  f>f  the  stress  is  not  excessive  during 
I  ;-r.^tion,  but  where  the  severity  comes  in  is  that  this 
sUiss.  though  low  comp.ired  with  j>owcr  transformers, 
may  take  place  very  fre<iuently  and  as  often  as  three 
or  four  times  a  minute  during  the  melting  period  and 
.  ■  r.J  times  during  the  molten  stages  of  the  prixess. 
■J  tii»  necessitates  pood  clamps  well  locked  and  leads 
((he  low-tension  especially)  well  clcated  to  prevent 
1  t.     (  l,^m]■>s  m  a  r.vlial  direi  fion  are  not  noccs- 

■  •  isllv  if  the  transformer  is  correctly  designe<l 
V  'iirn   centres  of   the   low-tenyion   and 

1  III  line.     If  this  is  not  jxtssible,  then 

the  strevi  on  the  high-tension  coiN  ran  be  directe<l 
inward  on  to  a  suitable  support,  and  the  low-tension 
firatcd  and  held  rigidly  in  clami>s.  thus  leaving  the 
top  -  '  '■  ■•  m  of  the  roils  in  view  for  inspection  and 
for  •  Item  (7)  is  a  very  contentious  j-xnnt. 

and    I  'it    for  tr.'  •-  of  mo<l' • 

•i/e  iij'  ■  (  the  rr.i  .■»  not  cs 

•-«;  l.K.B  .  i»l«,  vol.  tJ,  p.  Hf. 


10  per  cent.     For  larger  sizes  where  the  low-tension 

current    becomes    heavy,    the    accommodation    of    this 

current   necessitates  manv  groups  of  low-tension  coils 

in  parallel,  and  hence  a  low  reactance,  unless  mignetic 

\    shunts  are  used,  which  is  undesirable.     In  this  event 

the  reactance,  for  design  reasons  and  to  reduce  losses, 

should    be    external    and    in    the    high-tension    mains. 

,    I  do  not  think  Mr.  Stobie  will  get  satisfactory.-  operation 

from  the  connections  shown  in  Fig.  3,  and  I  should  like 

,    to   know  if  he  has  in   operatidtl  a  furnace  with  such 

I    connections.     I  would  suggest  that  a  delta  high-tension 

arrangement    would    give    a    better    and    more    stable 

condition   in   service.     In   conclusion    I   should   like   to 

state  that,  from  my  experience,  the  furnace  transformer 

of  the  future  will  have  to  be  on  the  following  lines  for 

large   installations  :    A  true  transformer  of  one   ratio 

,    and  no  tappings,  having  a  low  internal  reactance,  with 

j    an  external  reactance  on  the  high-tension  side  to  steady 

1    the  arc  and  protect  the  apparatus  from  current-rushes 

and    voltage-surges.     The   voltage   \ariation   would    be 

obtained  by  a  booster  in  the  low-tension  circuit,  or  by 

means  of  a  regulating  transformer  or  induction  regulator. 

This  has  the  advantage  that  all  operating  gear  may  be 

situated  apart  from  the  main  transformer  and  suitably 

housed.     .\lso,  in  the  event  of  failure  of  the  regulating 

I    gear,  the   main   transformer  could  still  be  used  on  the 

1    common  voltage  during  repairs. 

j        Mr.  D.  G.  Jones  {communicaUd) :    It  is  interesting  to 
'    notice   from    the   summarizctl   results   in   Mr.    Mercer's 
paper   how   widelv  different   are   the   conditions   under 
which  some  of  the  furnaces  are  run.     The  units  per  ton 
of  steel  varv  between  600  and  6,000.     Attention  might 
be   drawn    to    the   thermal    efficiencies   of   some   steel- 
producing  furnaces.     Taking  a  fairly  good  result,  viz. 
650  kw. -hours  per  ton  of  p)oured  steel,  and  assuming 
I    melted  steel  to  contain  630  therms  per  lb.,  we  have  a 
net  efficiency  of  63  per  cent  from  the  supply  mains. 
This  result  is  not  at  all  bad,  but  is  not  the  best  that  can 
be   obtained.     Taking   the   ovcr.-ill   efficiency   from   the 
coal  bunkers  of  the  power  station,   and  assuming  the 
coal    to    have    a    thermal    value    13,500    themis    when 
burned  at  the  rate  of  1-77  lb.  per  kw. -hour,  the  overall 
efficiency  comes  out  at  9-46  per  cent.     This  indicates 
how  important  it  is  that  our  power  stations  should  l>e 
brought  up  to  a  much  l>ettcr  thermal  efficiency.     Take 
another  case,  a  crucible  melting  hole — a  type  of  furnace 
much    in    vogue    in    Sheffield.     This    furnace    requires 
'    3  tons  of  coke  per  ton  of  steel.     If  we  take  the  coke  at 
12,000  therms  per  lb.,  and  melteil  steel  as  omtaining 
ft  10    therms    per    lb.    as    l>efore,    the    efficiency    equals 
I -044  per  cent.     Similarly,  with  a  Siemens  open-hearlh 
furnace  using  8  cwt.  of  coal  at  the  gas  priMlucers,  which 
is  a  fairly  go«.«l  result,  the  thermal  efliciency  is  12  per 
,   cent.     It  is  very  evident,  therefore,  that  power  station 
,   engineers  are  not  the  only  people  who  waste  coal,  and 
I    that  there  is  a  very  great  need  for  further  research  into 
...^1  saving  methods  all  rovind. 

The  authors'   replies  to  this  discussion  «-ill  be  found 
on  page  298. J 
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South  Midland  Centre,  at  Birmingham,  7  May,  1919. 


Mr.  F.  J.  Moffett  :  Unfortunately  none  of  the 
authors  is  able  to  be  present  this  evening  to  introduce 
the  subject  :    I  have  therefore  undertaken  to  do  so. 

The  electric  steel  furnace  is  essentially  a  crucible  with 
the  heat  applied  internally  instead  of  externally.  The 
principal  advantages,  as  compared  with  a  combustion 
furnace,  are  the  high  temperature,  high  efficiency,  and 
exclusion  of  air. 

High  temperature. — The  combustion  furnace  is  the 
most  economical  method  of  heating  metal  up  to,  say, 
1,000°  C.  The  limit  of  temperature  obtainable  in  a 
furnace  heated  by  the  combustion  of  fuel  is  about 
1,500°  C.  This  is  due  to  the  heat  at  high  temperatures 
being  carried  off  by  the  hot  waste  gases  and  to  the  fact 
that  gases  dissociate  at  this  temperature.  The  tem^- 
perature  of  the  arc  is  roughly  3,500°  C.  Temperatures 
of  2,000°  C.  and  upwards  are  readily  obtained  in  the 
electric  furnace — in  fact  the  limit  of  temperature  is 
in  practice  set  by  the  temperature  which  the  lining 
and  roof  of  the  furnace  will  withstand.  It  is  difiicult 
to  obtain  refractory  material  to  resist  temperatures 
such  as  can  be  obtained  by  means  of  the  electric  arc. 
High  temperature  in  a  furnace  possesses  several  valuable 
features.  It  facilitates  the  reactions  taking  place 
between  the  bath  and  the  flux  on  the  surface.  It  enables 
impurities  to  be  removed  much  more  thoroughly,  and 
it  renders  the  metal  more  fluid,  so  that  better  castings 
can  be  made. 

High  efficiencv. — The  high  intrinsic  efficiency  of  the 
electric  furnace  is  due  to  the  internal  generation  of  the 
heat  which  enables  the  heat  losses  to  be  reduced  enor- 
mously. The  heat  losses  in  an  arc  furnace  are  due 
largely  to  radiation  and  convection  from  the  exterior 
of  the  furnace  shell,  to  conduction  through  the  carbon 
electrodes,  to  losses  in  the  water  jackets  through  which 
the  electrodes  enter  the  furnace,  and  to  gas  and  air 
leakages  through  the  doors  and  annular  spaces  round 
the  electrodes.  Losses  through  air  and  gas  leakage 
form  a  large  proportion  of  the  total  losses  and  can  be 
minimized  by  making  glands  for  electrodes  and  doors 
for  pouring  and  rabbling  as  airtight  as  possible.  It 
may  be  of  interest  to  give  comparative  figures  for  the 
efficiency  of  electric  and  conibustion  furnaces.  In  the 
case  of  the  electric  fiirnace  the  efficiency  is  the  ratio 
between  the  heat  required  to  melt  the  charge  to  the 
heat  supplied  in  units,  and  in  the  case  of  the  combustion 
furnace  it  is  the  ratio  between  the  thermal  units  required 
to  melt  the  charge  to  the  thermal  units  of  the  fuel  used. 
The  efficiencies  are  as  follows  : 

Crucible  furnace  heated  by  combustion .  .     2-3  per  cent 
Regenerative  open  hearth  furnace  .  .    20-30      ,, 

Electric  arc  furnace  .  .  .  .  .  .  60-85       .. 

Assuming  the  overall  efficiency  of  generation  of 
electricity  as  lo  per  cent,  the  efficiency  of  the  electric 
furnace  based  on  the  thermal  units  in  the  fuel  used 
for  generation  would  be  6  to  8-5  per  cent.  It  is  there- 
fore better  in  efficiency  than  the  crucible  furnace. 

Exclusion  of  air. — The  facility  with  which  air  can  be 


excluded  from  the  electric  furnace  gives  it  an  important 
advantage,  since  it  enables  a  neutral  or  even  a  reducing 
atmosphere  to  be  obtained.  From  the  metallurgical 
point  of  view  this  is  of  great  value,  as  it  allows  of 
working  without  loss  of  metal  due  to  oxidation  of 
the  charge.  After  these  remarks  on  the  general  charac- 
teristics of  the  electric  furnace,  I  propose  to  deal  briefly 
with  a  few  of  the  points  raised  in  the  papers  by  the 
six  authors. 

Connections. — In  furnaces  up  to  6  tons'  capacity  it 
is  to  be  noted  that  most  makers  in  this  country  are  now 
in  practical  agreement  as  to  the  best  system  of  con- 
nections. Tlie  authors  of  five  of  the  six  papers  are 
representatives  of  the  makers  of  the  principal  types 
of  furnaces  now  in  use  in  this  country,  and  four  of  these 
makers  have  adopted  as  their  standard  arrangement 
one  pair  of  carbon  electrodes  above  the  bath  with  one 
or  more  bottom  electrodes  embedded  in  the  hearth. 
The  Booth-Hall  (Fig.  3,  page  248)  the  Stobie  (Fig.  i, 
page  268)  and  the  Electro-Metals  all  adopt,  as  their 
standard,  two-phase  current,  the  two  phases  being 
connected  to  the  two  upper  electrodes  and  the  neutral 
to  the  bottom  electrode.  As  a  rule  the  supply  to  the 
furnace  is  in  the  form  of  three-phase  current,  this  being 
transformed  to  two-phase  cun-ent  by  the  Scott  connec- 
tion. The  Greaves-Etchells  furnace  (Fig.  3,  page  251) 
employs  three-phase  current,  one  limb  of  the  three- 
phase  winding  being  shorter  than  the  other  two  to 
compensate  for  the  lower  resistance  of  the  hearth 
compared  with  that  of  the  arcs.  All  four  makers  are 
therefore  in  agreement  as  to  the  advantages  obtained 
from  the  use  of  a  bottom  electrode,  which  has  a  marked 
effect  in  reducing  the  wear  and  tear  of  the  roof  and 
sides  of  the  furnace  and  promotes  circulation  and 
uniform  heating  of  the  nietal  in  the  bath.  When  the 
hearth  is  cold  its  resistance  is  large  compared  with  its 
value  at  higher  temperatures.  To  overcome  this 
difficultv  Mr.  Booth  adopts  an  auxiliary  electrode, 
the  function  of  which  is  simply  to  act  as  a  means  of 
making  contact  with  the  charge.  As  soon  as  the 
temperature  of  the  hearth  has  been  raised  by  molten 
metal  this  auxiliary  electrode  is  withdrawn.  Mr.  Sahlin 
tackles  the  problem  in  another  manner.  The  furnace 
which  he  describes  is  a  development  of  the  Rennerfelt, 
the  distinguishing  feature  of  which  is  the  use  of  free 
burning  arcs,  that  is  arcs  which  are  struck  between 
two  electrodes  as  opposed  to  arcs  struck  between  one 
electrode  and  the  charge  or  direct  arcs  as  they  are 
styled  in  some  of  the  papers.  When  starting  his  furnace 
the  arcs  are  first  struck  between  the  carbon  electrodes. 
When  the  charge  is  melted,  one  of  each  pair  of  electrodes 
is  withdrawn  and  the  arcs  are  struck  between  electrode 
and  bath,  the  current  then  passing  to  the  bottom 
electrode  in  the  hearth.  In  the  Greaves-Etchells 
furnace  the  hearth  is  constructed  of  conductive  material 
which  carries  a  sufficiently  heavy  current  to  melt  the 
charge.  As  pointed  out  in  my  introductory  remarks, 
it  is  more  economical  to  use  combustion  heat  for  melting 
the  charge.  If  a  combustion  furnace  of  the  regenerative 
type  is  worked  in  conjunction  with  an  electric  furnace. 
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the  charge  is  nicltt-tl   in   the  combustion  furnace  and 
transferred    to    the    electric    furnace    for    the    refining 
process    at    high    temiwrature.     With    this    system    of 
working,  the  difficulty  of  starting  from  cold  does  not 
occur.     When    the    capacity    of    the    furnace    exceeds 
6  tons  a  greater  number  of  electrodes  must  be  employed, 
partly  in  order  to  distribute  the  heating  as  evenly  as 
jxjssible  over  tlie  hearth,  and  partly  because  the  energy 
which  can  be  concentrated  in  one  arc  is  limited.     Mr. 
Greaves  states  that  the  limit  is  8,000  to  9,000  amperes, 
or  1,300  k.v.a.     Mr.  Stobie  sUtes  that  long  experience 
has  shou-n  that  bottom  electrodes,   whilst  essential  in 
small  furnaces,  are  undesirable  in  large  furnaces  ;    on 
the  other  hand,  the  Electro-Metals  and  Greaves-EtcheUs 
furnaces  of  the  larger  size  retain  the  bottom  electrode, 
but  reduce  the  current  through  the  hearth  as  much  as 
possible.     The  H^roult  furnace  which  is  not  described 
in   the  present  series  of  papers,  and  which  has  been 
used    extensively    in    large    sizes,    does    not    employ    a 
Ixjttom  electrode.     Mr.   Bibby  in  his  paper  dwells  on 
the   necessity   of   the   heat   supplied   l>cing  evenly   dis- 
tributed over  the  bath,  and  descrilies  the  system  adopted 
in  the  four-electrode  furnace,  which  is  suited  for  capac- 
ities  up   to   30   tons.     In   order   to   provide   for   equal 
generation  of  heat,  four  equal  phases  are  required,  and 
bv  means  of  vector  diagrams  Mr.  Bibby  works  out  the 
proportion    of    the    windings    necessar>'    to    distribute 
the  current   equally   along   all   the   paths   between   the 
various     electrodes.     Between     diagonal     electrodes     a 
higher  voltage  is  naturally  required  than  between  any 
two  electrodes  forming  the  sides  of   the  square,  so  as 
to  keep  the  current  along  all  the  i^ths  ojx-n  as  uniform 
as  possible.      In  connection  with  the  furnaces  used  for 
the    manufacture    of    pig    iron,    Mr.    Bibby    shows    in 
l-'igs.  3.  5  and  7,  the  necessary  connections  and  propor- 
tions of  the  transformer  windings  for  furnaces  with  4,  6 
and  8  electrodes. 

Arc  phenomena. — Mr.  Stobie  makes  some  very  inter- 
esting observations  in  this  connection.  He  states  that 
the  arc  proper  is  not  the  only  source  of  heating,  but 
that  a  flame  of  carbonaceous  gas  spreads  out  from 
each  electrode.  Ilfforts  to  contr.jl  the  direction  of  this 
flame  have  been  made,  by  him,  these  being  based  on 
the  use  of  a  magnetic  fiel<l,  which  as  is  well  known 
\\xs  the  power  to  blow  an  arc  or  flame  in  the  desirctl 
<lir<-' tion.  The  use  of  a  strong  external  continuous 
magnetic  field  flid  not  show  decisive  results,  but  the 
ciirrett  disposition  of  the  leads  carrying  current  to  the 
clettHHlcs  s<j  as  to  cause  the  magnet u  fields  coincident 
with  certain  arcs  to  blow  these  arcs  down  on  to  the  charge, 
enables  imjxjrtant  advantages  to  Ix-  obtained,  amongst 
thckc  being  increase  in  speed  of  melting  and  reduction 
in  burning  away  of  furnace  lining.  Mr.  Sahlin  (Fig.  2, 
p.igc  2f»6)  shows  how  a  free  burning  arc  forms  a  bnish 
which  CAn  l)c  directcti  down  on  to  the  charge.  In  the 
i»ngin;il  Kcnncrfcit  furnace,  there  are  three  electrodes, 
two  honzontal  conncctc<l  to  the  outers  of  a  two-phase 
nupplv.  and  one  vertical  conncctc<l  to  the  neutral. 
Tic  f   thiH  disposition  is  to  pr<Klucc  a  strong 

fani.i    ..  -1  of  the  arc  over  the  surface  of  the  bath.n. 

The  magnetic  firldt  prtMlucecl  by  the  currents  flowing 
have  a  pronounci^l  blowing  effect  on  the  flame  of 
the  arc. 


In  the  revised  type  of  Rennerfelt  furnace,  described 
by  Mr.  Sahlin,  the  two  electnxles  forming  one  jiair 
are  inclined  at  a  fairly  acute  angle  to  one  another  and 
the  intcr-rcpulsion  fans  out  the  arc  into  a  brush. 

Transfcrmcrs. — Mr.  Mercer  in  his  paper  remarks  on 
the  imixjrtance  of  the  design  and  construction  of  the 
transformer.  Transformer  makers  did  not  realize  in 
the  early  days  the  mechanical  strains  to  which  the 
windings  would  be  subjected,  and  enormous  failures 
occurred  owing  to  insufficient  anchoring.  It  frequently 
occurred  also  that  the  k.v.a.  capacity  provided  was 
insufficient.  When  the  charge  is  melted  the  power 
factor  is  often  as  high  as  09,  but  when  starting  up 
with  a  cold  charge  the  reactance  is  much  higher  and 
the  k.v.a.  demand  is  greatly  increased  ;  the  power 
factor  may  be  as  low  as  0-7.  If  the  transformer  were 
designed  for  a  power  factor  of  o-g,  it  would  be  seriously 
overheated.  Mr.  Stobie  gives  a  valuable  list  of  the 
desiderata  in  a  furnace  transformer  (page  270).  He 
lays  special  stress  on  the  necessity  of  anchoring  all 
clamps  to  the  transformer  frame  and  including  as  much 
as  possible  of  the  total  reactance  in  the  transformer 
itself.  He  also  mentioned  a  point  to  which  I  referred 
in  the  discussion  on  the  recent  jvipors  on  "  Testing," 
viz.  the  need  for  an  over-potential  test  which  can  be 
easily  carried  out  at  an  increased  frequency.  This  is 
of  great  value  in  testing  the  insulation  from  turn  to 
turn. 

Power   factor. — It    is    claimed    by    some    makers    of 

furnaces  that   they   can  work  at   almost   unity   power 

factor.     This,  from  the  point  of  view  of  good  commercial 

operation,  docs  not   appear  to   be  desirable.     In   most 

types  of  arc  furnaces  serious  current  surges  are  found 

to   occur   during   the   melting   period,    and   to   provide 

against  these  some  reactance  is  necessarj'.     In  practice 

'   this   reactance   is    usually    divided    between    the   leads 

and   the   transformer  and   no   additional   reactance   in 

I    the  shape  of  choking  coils  is  called  for  ;  in  fact,  unless 

the  disposition  of  the  leads  is  such  as  to  reduce  the 

reactance  as  far  as  possible,  there  is  a  tendency  for  this 

to  be  too  high.     By  interleaving  the  conductors  carn,-ing 

the  heavy  low-tension  currents  from  the  transformers 

to   the   electrodes,    the   reactance   can    be    kept    within 

reasonable  limits.     With  furnaces  in  which  the  hearth 

forms  part  of  the  furnace  circuit,  the  resistance  of  this, 

which  is  a  steady  quantity,  prevents  the  short-circuit 

current   rising  to  abnormal   values.     Mr.   Stobie  states 

that  he  aims  at   20  per  cent  impedance  voli.ige  when 

the    electro<les    are    short-circiiile<i,    and     under    such 

I    conditions    obtains    a    power    factor    var\-ing    l>ctwcen 

0-84   and   0-93   on  the   furnace  itself.     In   the  case  of 

a  dead  short-circuit  the  power  factor  may  l>e  reduced 

I    momentarily  to  0-4. 

Electrodes. — Up  to  the  present,  carbon  has  been  found 
to  be  the  only  practicable  matcnal  for  the  electrodes. 
:  Of  the  two  classes  of  carlxin,  graphitic  jxissesses  the 
a<lvantagc  of  lieing  a  Ix-ttcr  conductor  than  amorphous  ; 
consequently  smalK-r  <liametcr  clectrtKles  can  l>e  used 
if  graphite  is  enq'lo\c>l.  This  means  smaller  holes  in 
the  furnace  roof,  smaller  wafer  jackets,  with  less  waste 
of  heat  and  less  trouble  from  the  skin  effect  which  is 
a  serious  factor  with  large  diameter  carbons.  Further, 
I  with  a  reduction  in  the  size  of  the  electrodes  the  leakage 
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of  gases  from  the  furnace  can  be  diminished.  One  of 
the  most  valuable  features  of  the  electric  furnace  is 
the  possibiUty  of  producing  a  neutral  or  reducing 
atmosphere  by  the  exclusion  of  air,  and  this  depends, 
naturally,  on  rendering  all  the  openings  in  the  furnace 
as  air-tight  as  possible.  On  page  273  Mr.  Stobie  gives 
an  interesting  series  of  figures  showing  the  effect  on  the 
electrodes,  both  inside  and  outside  the  furnaces.  From 
an  examination  of  these,  the  need  for  making  air-tight 
joints  round  the  electrodes  is  very  evident.  The  air 
gland  or  economizer,  as  Mr.  Stobie  calls  it,  is  a  very 
simple  but  effective  device.  It  not  only  facilitates  the 
formation  of  a  reducing  atmosphere,  but  increases 
the  efficiency  of  the  furnace  by  cutting  down  the  loss 
of  heat  due  to  the  escape  of  hot  gases.  On  page  275 
a  list  of  the  advantages  obtained  by  this  device  are 
given  and,  in  my  opinion,  these  claims  are  amply 
justified. 

Circitlation  of  the  bath. — Mr.  Stobie's  remarks  in  this 
connection  are  somewhat  revolutionary,  but  they 
appear  to  be  based  on  extensi\-i5  experiments  with 
mercury  baths.  It  has  been  generally  accepted,  hitherto, 
that  the  electromagnetic  effect  of  the  currents  passing 
through  the  molten  metal  in  the  bath  is  to  produce 
a  motion  of  the  metal.  In  the  induction  type  of  furnace 
the  current  through  the  bath  reaches  a  much  higher 
density  than  in  the  arc  type,  owing  to  the  heat  being 
generated  in  the  bath  itself  instead  of  principally  in 
the  arc,  and  with  furnaces  of  this  tj^pe  the  frequency 
is  usually  kept  as  low  as  possible  to  prevent  the  circu- 
lation becoming  so  violent  as  to  scour  the  sides  and 
bottom  of  the  hearth.  It  is,  therefore,  natural  to 
expect  some  movement  of  the  metal  in  the  arc  type 
where  currents  fiow  through  the  molten  baths,  which 
though  not  as  large  as  in  the  induction  furnaces  are 
still  of  considerable  size. 

Furnaces  for  other  purposes  than  melting  steel. — The 
papers  deal  almost  entirely  with  furnaces  for  melting 
and  refining  steel,  and  at  the  present  time  this  is 
the  purpose  to  which  the  greatest  number  of  electric 
furnaces,  of  sizes  dealing  with  J  ton  and  upwards,  have 
been  applied.  The  electric  furnace  is,  however,  capable 
of  doing  good  work  in  many  other  directions.  Mr. 
Greaves  mentions  a  few  of  these  such  as  the  reheating, 
annealing  or  melting  of  metals  which  have  a  low  melting 
temperature,  and  states  that  for  such  work  the  resistance 
type  of  furnace  is  the  most  suitable.  Up  to  1,000°  C. 
he  recommends  a  heating  element  of  an  alloy  of  nickel 
chromium.  A  considerable  number  of  small  furnaces 
of  this  type  are  in  use,  more  particularly  in  laboratories. 
One  interesting  furnace  of  this  kind  which  I  have  come 
across  is  designed  to  heat  a  bath  of  fused  salt  for  the 
hardening  of  tools,  dies,  etc.  The  temperature  necessary 
for  this  process  is  accurately  adjusted  by  taking  advan- 
tage of  the  fact  that  the  decalescent  point  of  steel  is 
also  the  point  at  which  it  becomes  non-magnetic.  By 
means  of  a  sensitive  galvanometer  connected  in  circuit 
with  a  special  coil  on  the  furnace,  it  can  be  determined 
within  close  limits.  For  temperatures  above  1,000°  C. 
the  resistance  material  is  usually  some  form  of  carbon, 
but  other  highly  refractory  materials  are  also  used  for 
the  purpose.  It  is  an  easy  matter  to  render  a  resistance 
furnace  perfectlv  gas-tight,  which  is  a  desirable  feature 


when  employed  in  melting  such  material  as  brass,  since 
it  avoids  the  loss  of  zinc  through  vaporization.  Mr. 
Sahlin  outlines  (page  267)  a  proposal  to  construct  what 
may  be  called  a  heat  reflector,  which  may  be  suspended 
over  a  hearth  containing  the  material  to  be  treated. 
The  heat  reflector  contains  a  free  burning  arc  the  radiant 
heat  from  which  is  directed  down  on  the  hearth.  If 
the  material  of  which  this  heat  reflector  is  constructed 
is  sufficiently  refractory  to  withstand  the  heat  and 
flame  from  the  arc,  the  proposal  would  seem  to  be  a 
useful  one,  but  my  experience  with  free  burning  arcs 
has  been  that  the  roof  suffers  more  than  anv  other  part 
of  the  furnace  shell.  Consequently,  instead  of  one  heat 
reflector  serving  several  hearths,  it  would  be  necessary 
to  have  several  reflectors  for  each  hearth.  Arc  furnaces 
are  used  for  many  other  purposes  beyond  the  treat- 
ment of  steel.  Among  these  may  be  mentioned  the 
production  of  phosphorus.  It  may  be  of  interest  to 
members  to  know  that  the  first  furnace  for  the  pro- 
duction of  phosphorus  was  designed  and  constructed 
by  Mr.  Thomas  Parker  of  Wolverhampton  and  furnaces 
built  on  these  lines  have  during  the  war  turned  out 
enormous  quantities  of  phosphorus.  The  original 
furnace  was  designed  for  use  with  direct  current  but 
at  the  present  time  the  magnitude  of  the  currents 
employed  necessitates  the  use  of  alternating  current. 
Mr.  Mercer  in  his  paper  gives  a  large  number  of  tables 
showing  the  numbers  of  furnaces  in  use  and  the  results 
obtained  in  working,  and  this  information  is  valuable 
to  users  of  furnaces. 

Mr.  W.  Wilson  :  I  should  like  to  ask  Mr.  Moffett 
whether  there  is  not  a  further  advantage  of  the  electric 
furnace  in  that  it  can  treat  a  wider  selection  of  iron 
ores  than  one  depending  on  combustion.  A  number 
of  years  ago  I  was  acquainted  with  attempts  that  were 
being  made  to  reduce  magnetite  iron-sand,  which  was 
present  in  a  certain  deposit  in  enormous  quantities 
and  in  a  state  of  great  purity.  All  the  attempts  were 
then  futile  owing  to  the  finely  divided  state  of  the  ore, 
which  clogged  the  ordinary  type  of  furnace.  Now  this 
defect  should  be  no  detriment  whatever  to  an  apparatus 
that  does  not  depend  upon  combustion  for  its  action, 
and  I  would  suggest  that  this  is  a  real  advantage 
possessed  by  the  electric  furnace.  No  mention  has 
hitherto  been  made  of  the  use  of  electricity  for  the 
fixation  of  atmospheric  nitrogen,  in  the  production  of 
nitrates  for  use  as  fertilizers,  etc.  This  type  of  furnace 
seems  to  me  especially  important  in  that  it  should 
offer  itself  as  a  useful  load  for  bulk-supply  schemes. 
These  furnaces  require  very  little  attention,  and  hence 
can  be  installed  in  remote  localities  where,  for  example, 
a  large  hydro-electric  undertaking  might  be  situated. 
Such  an  establishment  frequently  charges  for  its  current 
at  the  rate  of  so  much  per  kilowatt  per  annum  of  maxi- 
mum demand  ;  so  that  a  customer  would  have  a  large 
amount  of  energy  on  his  hands  during  times  of  light 
load,  which  would  be  going  to  waste  as  far  as  he  was 
concerned.  Now  if  such  a  furnace  as  this  is  capable 
of  being  started  up  after  the  lighting  load  has  died 
down  at  night,  and  run  until  the  peak  load  begins  in 
the  morning,  and  then  shut  down  until  the  off  time 
sets  in  again,  it  should  provide  a  very  useful  way  of  using 
up  the  surplus  current.     T   should  like  to  ask  if  this 
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furnace  is  adapted  tor  intermittent  running  of  this 
nature,  as  it  would  then  be  a  valuable  asset  to  engineers 
who  arc  projecting  large  supply  undertakings,  and  arc 
on  the  look-out  lor  prosjxjctive  loatis. 

Mr.  W.  F.  ■Whiitaker  :  I  should  be  glad  to  learn 
wliat  is  the  l>cst  mcthotl  of  creating  a  long  brush  effect 
or  downward  deflection  of  the  arc  flame  when  using 
three-phase  current,  also  for  extending  a  two-phase 
flame,  obtained  by  arranging  the  electrodes  in  use  with 
the  two-phase  electrodes  horizontally,  and  the  neutral 
xertically.  The  funiace  I  am  experimenting  with  is 
for  use  with  an  ore  having  very  low  conductivity,  which 
has  to  be  volatilizeil,  leaving  only  a  small  amount  of 
slag,  so  that  the  usual  steel  furnace  form,  with  well 
bottom,  and  neutral  below  the  ore,  is  not  at  all  suitable. 
and  as  it  is  desirable  to  keep  free  air  out  of  the  furnace, 
a  hot  air  blowing  effect  cannot  be  used.  Mr.  Stobie 
mentions  the  matter  but  does  not  give  much  information, 
possibly  because  it  docs  not  apf)car  to  be  of  gre^nt  im- 
portance in  steel  smelting,  although  to  me  it  is  ver>- 
vital  and  I  should  be  glad  to  receive  any  information 
that  would  assist  me. 

Dr.  G.  Kapp  :  With  reference  to  Mr.  Wilson's  remarks, 
a  nitrogen  furnace  working  with  three-phase  current  of 
which  I  have  had  some  experience  would  be  able  to 
611  up  gaps  in  the  load.  The  gaps  must,  however,  not 
be  of  too  short  a  duration.  When  started  up  cold  the 
furnace  requires  some  time  to  get  into  a  steady  working 
condition.  If  the  gap  in  the  general  load  on  the  gener- 
ating station  were  only  a  matter  of  3  or  4  hours  it  would 
hardly  pay  to  work  the  furnace  for  such  a  short  time, 
since  the  yield  would  l>e  too  small  in  comparison  with 
the  energy  used  because  all  the  heat  contained  in  the 
furnace  after  stopping  is  necessarily  a  dead  loss.  There 
is  also  the  question  of  cost  of  labour,  which  must  inchule 
payment  for  a  large  proportion  of  time  when  the  furnace 
is  heating  up.  If,  however,  we  had  a  plant  which 
supplied  consumers  who  took  most  of  the  power  during. 
say,  10  hours  in  the  day  and  set  nearly  all  the  power 
free  for  furnace  use  during  the  whole  of  the  rest  of  the 
time  during  the  night,  then  the  suggestion  made  by 
^^r    Wilson  might  become  a  commercial  proposition. 


Mi  J.  Bibby  {in  reply,  communicated)  :  Mr.  Bumand 
lias  raised  the  question  of  the  effect  of  electric  currents 
fl'.  '.  the  metal.     I  dip  nut  think  any  electric 

fi..  Ijclicvc  in  the  superstition  with  which 

he  Ll><it){es  llicin.  It  is  imm.iten;il  how  the  currents 
flow  thr. .  ;t:h  the  metal.  Practically  the  whole  of  the 
heat   1  in  the  furnace  is  at  the  arcs,  and  the 

iiuinc< ...linn  as  far  as  heat  gencraticin  is  concerned 

is  to  have  equal  potentials  between  the  electrodes  and 
the  bath.  It  docs  not  matter  what  potential  there  is 
between  the  upp<r  cIcttriMlra.  In  the  system  described, 
tl  -  the  same  between  each  electrixlc 

.11  it  if  the  currents  arc  the  same  the 

<!  V  will  l»c  the  same  in  cver>'  arc. 

ils<i  ovcrl<K)kc<l   the   fact   that   the 
t'  ix-twcen  any  two  clectnKlcs    is  equal  to  the 

re -.  ;  .  .  A  two  arm,  and  it  docs  not  matter  where 
the  electrodes  arc  Ik-i  lusc  the  resistance  of  the  metal 
ii    negligible       In    the    *  '   ap    system    descnl)cd, 

the  bath  form*  a  star  <  1   for  the  four  phases 


and  the  resistance  in  each  phase  is  equal  to  one  arc, 
which  is  precisely  what  the  transformer  system  gives. 
Mr.  R.  G.  Mercer  (m  reply,  communicated)  :  This 
discussion  on  electric  steel  furnaces  has  been  not  only 
veni'  interesting  but  very  instructive,  and  tempts  me 
to  depart  from  the  principle  on  which  I  started  out, 
by,  on  the  one  hand,  giving  particulars  regarding  the 
various  shortcomings  in  some  of  the  designs  of  electric 
furnace  makers,  and,  on  the  other  hand,  describing 
how  these  shortcomings  due  in  a  large  measure  to  faulty 
design,  with  contributory  bad  working  conditions  with 
furnaces  of  certain  tvpes,  occur  ;  in  other  words,  that 
I  should  amphfy  the  details  given  in  the  tables  in  my 
paper. 

Mr.   Harbord  says  that  all   the   furnaces,  so   far  as 
steel   manufacture  is  concerned,   are   very  similar  and 
chiefly  vary  in  the  electrical  connections,  having  small 
advantages  over  each  other  so  far  as  mechanical  details 
are  concerned.     This  is  true  to  a  certain  extent,   for 
while  a  furnace  maker  "  A  "  may  have  a  fairly  good 
tilting  arrangement  his  electrode  raising  and  lowering 
gear  may  be  by  no  means  all  that  can  be  desired,  and 
vice  versa  with  regard  to  furnace  maker  "  li."    I'urnace 
maker  "  C  "  may  have  defects  in  both,  while  furnace 
maker  "  D  "   may  be  wanting  in  both  these  defects. 
It  is  features  such  as  these  that  largely  account  for  the 
satisfactory*  operation  or  otherwise  of  an  electric  steel 
furnace.     The  question  of  human  element  does  not  come 
in  here  since  all  the  precautions  which  the  operator  can 
humanly  take  may  be  quite  in  vain  in  face  of  bad  or 
inferior  mechanical  design.     These  are  two  of  the  most 
serious    causes   of   electric    furnace    breakdowns,    ciuite 
apart   from   failure   of  water  supply,   with  consequent 
breakdown  of  the  water-cooled  collars  round  the  elec- 
trode entrance  through  the  roof  ;    quite  apart  also  from 
incidental  troubles  and  delays  due  to  the  breaking  off 
of  electrodes,  especially  of  the  amorphous  type,  in  the 
furnace  ;    and  quite  apart  also  from  hearth-bottom  and 
niiif  troubles  ;    for  this  reason,  that  any  failure  of  the 
tilting  arrangement  may  cause  not  only  serious  delays 
but  also  loss  due  to  the  freezing  of  molten  steel  just  when 
it  is  ready  for  teeming.     In  the  same  way  the  failure 
;   of  the  electrode  raising  and  lowering  gear,  when  we  may 
assume  there  is  a  bath,  may  involve  the  pouring  off  of 
i   the  molten  metal  to  avoid  freezing,  with  resulting  loss. 
Dealing  with  the   electrical  system   of  connections, 
I   it  is  in   my  opiniim  a  moot  point  whether  a  furnace 
having  a  Ixittom  connection  is  as  good  as  or  better  than 
one  without.     The  maker  of  the  furnace  with  a  bottom 
connection   claims  that   he   gets  a  rotating  movement 
in  Ins  molten  steel,  which   I   understand  it   is  claimed 
enables  a  user  to  make,  say,  a  tungsten  steel  without 
rabbling.     I  entirely  disagree  with  such  a  claim  and  do 
not  think  any  electric  furnace,  whether  with  a  bottom 
connection  or  not,  will  make  a  tungsten  steel  without 
rabbling.     Certain   s|^akcrs   have   pointed   out   that    if 
we  could  apply  the  heat  from  the  l>ottom,  in.stead  of 
from   the   top  through   the   Ixitt.im,   we  could   get    this 
circulation  ;    but  1  think  it  is  obvious  that  by  ajiplying 
heat  only  at  the  top,  an<l  assuming  that  we  obtain  a 
'   certain  amount  of  heat  through  the  bottom,  we  shall 
certainly    not    get    the   circulation    or    rotation    of    the 
molten  steel  that    is    claimed,  an<l    it    is    for  want   of 
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this  circulation  or   rotation   that   rabbling   has   to    be 
resorted  to. 

Mr.  Ellis  asks  whether  a  12-inch  graphite  electrode 
cannot  deliver  more  than  ii.ooo  amperes.  As  stated 
in  my  paper,  I  certainly  do  not  recommend  a  higher 
current  density  than  100  amperes  per  square  inch  for 
graphite  electrodes,  and  in  the  case  of  amorphous 
carbon  I  do  not  think  that  under  present  conditions  the 
current  density  should  be  more  than  25  amperes  per 
square  inch.  As  explained  in  my  paper,  due  to  the 
absence  of  a  reliable  electrode  economizer  on  a  furnace 
of  the  gallows  -arm  type,  if  the  current  density,  especially 
in  the  case  of  amorphous  carbon,  is  increased  beyond 
these  limits  oxidization  occurs,  with  a  resulting  decreased 
diameter  of  the  electrode,  thereby  increasing  the  current 
density  at  that  point,  with  the  result  that  we  get  not 
onlj'  a  large  amount  of  heating  due  to  conduction  from 
the  furnace  backwards,  but  also,  owing  to  the  decreasing 
diameter  of  the  electrode,  a  further  heating  up  due  to 
the  higher  current  density.  The  result  is  that  the 
trouble  becomes  accentuated.  The  furnace  user  is  only 
too  well  aware  what  may  happen  due  to  the  above, 
especially  in  the  case  of  amorphous  carbons  of  large 
diameters,  for  he  experiences  breakages  of  carbons 
inside  the  furnace,  with  consequent  great  delays  in 
trying  to  get  out  a  large  lump  of  electrode  in  molten 
metal  through  a  small  charging  door. 

The  question  of  transformers  has  been  very  fully  dealt 
with  and  I  think  it  is  only  necessary  to  say  that  furnace 
users  and  makers  have  learned  from  past  experience 
that  the  transformer  capacity  must  be  considerably 
increased  in  order  to  get  reliable  and  continuous  opera- 
tion, and  that  transformer  makers  are  to-day  well  aware 
of  the  extremely  hard  conditions  to  which  a  transformer 
has  to  stand  up,  especially  during  the  melting-down 
stages.  Such  substantial  improvements  have  been 
made  in  the  general  design,  especially  on  the  mechanical 
side,  that  to-day  a  transformer  can  generally  be  looked 
upon  as  quite  reliable,  provided  that  ordinary  care 
is  taken  not  only  of  the  transformer  itself  but  of  the 
auxiliary  electrical  plant  controlling  it. 

Mr.  Campbell  states  that  in  very  large  works  the 
performance  of  the  furnace  is  not  so  good  as  it  is  in  small 
works,  and  he  attributes  this  largely  to  the  traffic, 
cranes,  etc.  I  do  not  agree  with  this,  for  I  have  data 
where  the  performance  of  furnaces  in  certain  large  works 
in  this  country  is  very  much  better  than,  I  will  say,  a 
single  furnace  in  a  small  works.  There  are  other  delays 
than  those  due  to  traffic  and  cranes.  I  have  already 
referred  to  delays  due  to  failures  of  tilting  or  electrode- 
raising  gear  ;  there  are  delays  due  to  roof  replacements, 
failure  of  water  supply,  and,  apart  from  the  transformer, 
hearth  bottom  troubles,  especially  in  furnaces  having 
a  bottom  connection. 

Sir  Robert  Hadfield  is  quite  correct  in  stating  that 
the  low  current  consumption  of  certain  electric  furnaces 
mentioned  by  Mr.  Mordey  is  due  to  the  case  in  question 
being  purely  a  melting  proposition,  the  furnaces  being 
used  solely  for  melting  steel  for  steel  castings. 

Colonel  Carnegie  does  not  state  what  class  of  steel 
was  being  made,  or  whether  it  was  from  the  cold  scrap, 
but  we  have  nothing  to  compare  with  those  results  in 
this  country.     It  would  have  been  of  interest  to  me  to 


know  over  what  period  he  was  getting  400  tons  per 
day. 

I  entirely  agree  with  Mr.  Ridge's  suggestion  that 
co-operation  between  the  electrical,  metallurgical  and 
constructional  sides  of  the  electric  furnace  would  give 
better  operating  results.  If  the  furnace  is  of  good 
mechanical  design  and  the  general  lay-out,  including 
the  electrical  portion,  is  installed  properly,  the  user 
has  nothing  to  do  but  to  concentrate  on  the  making  of 
steel,  which,  as  Mr.  Ashdown  states,  requires  the  greatest 
care  and  attention.  It  is  very  largely  owing  to  failures, 
due  either  to  mechanical  design  or  neglected  inspection 
of  the  electrical  end,  the  failure  of  water  supply  and 
troubles  with  electrodes,  that  current  consumptions 
as  high  as  1,100  units  per  ton  mentioned  by  Mr.  Mordey 
are  recorded  in  the  production  of  steel.  Such  delays 
of  course  mean  that  the  furnace  is  temporarily  shut  down 
and  a  large  amount  of  current  has  to  be  used  in  reheating. 
In  addition  to  the  above,  a  large  amount  of  current  can 
be  saved  by  the  adoption  of  a  reliable  electrode  economizer 
such  as  that  described  in  Mr.  Stobie's  paper.  All  my 
records  go  to  show  that  with  such  an  economizer  not 
only  is  the  current  consumption  per  ton  of  steel  in  the 
ladle  appreciably  reduced,  but  a  large  saving  is  effected 
in  the  electrode  consumption,  the  heat  period  is  shortened 
with  consequent  increased  output,  and  the  life  of  the 
roof  is,  generally  speaking,  longer.  Too  much  attention 
in  my  opinion  cannot  be  given  to  this  side  of  the  question. 

Mr.  Parker  has  dealt  very  fully  with  Mr.  Mordey's 
remarks  regarding  the  induction  furnace  and  I  agree 
with  all  he  says.  It  should  also  be  remembered  that 
at  the  present  time  the  power  factor  of  the  induction 
furnace  is  extremely  low,  unless  the  frequency  is  as 
low  as  12  J  periods  when  it  is  claimed  that  the  power  is 
as  high  as  65  to  70  per  cent. 

Mr.  Brown  states  that  while  various  figures  are  quoted, 
as  to  the  power  required  to  produce  a  ton  of  steel,.. 
the  composition  of  the  steel  has  not  been  mentioned. 
In  the  tables  in  my  paper  I  have  given  as  nearly  as- 
possible  this  information,  and  it  will  be  noted  that  undejf 
the  heading  "Class  of  Steel"  letters  "  HS "  (high- 
speed steel),  "  Cgs  "  (castings),  NiCr  (nickel  chrome), 
etc.,  are  mentioned,  in  order  to  convey  what  class  of 
steel  each  furnace  is  making.  There  is  not  a  great 
difference  in  the  consumption  so  far  as  alloy  steels 
are  concerned,  but  there  is  a  difference  between  these 
and  steel  for  castings.  Furthermore,  furnaces  of  the- 
same  size  are  shown  making  the  same  class  of  steel  over 
periods  ranging  from  one  to  five  or  six  months,  and  under 
the  heading  "  Delays  "  is  shown  the  number  of  days  lost 
through  all  causes.  I  think  it  may  be  accepted  that  ia 
making,  say,  NiCr  steel  NiCr  scrap  would  be  used, 
but  I  did  not  wish  when  writing  my  paper  to  do  more 
than  generalize,  so  that  particular  furnaces  could 
not  be  recognized.  The  claim  that  furnaces  having 
a  bottom  connection  give  effective  circulation  of  the 
bath  of  molten  metal  is,  I  think,  very  much  exaggerated, 
and  I  certainly  do  not  believe  that  we  could  make, 
say,  tungsten  steel  relying  on  this  alleged  circulation 
without  rabbling. 

Mr.  Dawson  deals  with  the  question  as  to  whether  a 
higher  voltage  is  desirable  on  the  low-tension  side.  By- 
increasing  the  voltage  at  the  arc  we  of  course  pull  a 
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longer  arc  and  the  refractories  would  in  consequence 
suficr.  It  might  be  advisable  during  the  melting-down 
stage,  but  it  should  be  reduced  when  the  bath  has  been 
obtained,  the  arc  then  being  mufBed  in  the  slag  thereby 
helping  to  protect  the  refractories.  Mr.  Dawson's 
remarks  regarding  failures  of  economizers  arc  quite 
true  so  far  as  furnaces  of  the  galloA\-s-arm  type  are 
generally  concerned. 

1  agree  with  Mr.  Sillars  that  it  is  necessarj-  to  allow 
gases  to  escape  during  certain  periods  ;  in  fact  it  is 
verj-  hard  to  stop  them  coming  out  through  the  tops  of 
the  charging  doors,  but  this  is  quite  different  from 
allowing  these  gases  to  escape  through  the  roof,  to  which 
I  am  tntiri'  ■       1.     With  regard  to  furnaces  having 

a  Kittoin  ::,  I  am  quite  satisfied  that  a  new 

b  -  ii-.  U;  u'.ust  carefully  put  in  and  with  the 

Ix  -  Ic  refractories. 

Mr.  Sprague  says  that  1 2-inch  graphite  electrodes 
are  being  used  in  America  to  carry  15,000  to  20,000 
amperes.  This  of  course  increases  the  current  density 
ver>-  materially  and  I  think  it  should  not  be  more  than 
100  amperes  per  square  inch  ;  a  higher  current  density 
<«sults  in  heating  and  also  possible  troubles  where 
inferior  electrode  joints  are  concerned. 

Mr.  Travis  is  of  opinion  that  no  reference  has  been 
made  to  the  scope  of  electric  furnaces  in  connection  with 
the  manufacture  of  steel  castings,  but  the  tables  in  my 
paper  show  that  there  arc  a  large  number  of  furnaces 
in  this  country  making  this  class  of  steel.  It  is  well- 
known  that  steel  castings  produced  from  the  electric 
furnace  are  extremely  good,  and  there  is  no  doubt  that 
ihere  is  scope  for  electric  furnaces  for  this  class  of  work. 

If  as  a  result  of  these  papers  and  the  discussion  the 
makers  of  electric  furnaces  on  the  one  hand  eradicate 
the  weak  features  as  far  as  possible  with  a  view  to 
putting  in  the  users'  hands  a  reliable  apparatus  properly 
installed,  and  if  the  user  on  the  other  hand  gives  the 
attention  to  it  which  any  useful  tool  should  receive, 
there  is  not  the  slightest  doubt  in  my  mind  that  verj' 
much  more  satisfacton,-  results  will  be  obtained  and  that 
those  who  now  condcinn  electric  furnaces  will  be  con- 
vinced they  can  turn  out  good  steel. 

Mr.  V.  Stobie  im  >rpty.  communicated)  :  It  would 
appear  that  Mr.  HarNird  has  con.sidcrol  the  electric 
furnace  in  its  relation  f^oU-ly  to  structural  steeb  ;  but. 
even  so.  I  would  pwint  out  that  mixlern  electric  furnace 
practice  is  not  at  the  stage  where  the  old  beliefs  he 
c-f  ■  —  •  -ipplied.  If  Mr.  Harbord  means  that  all  tyi>cs 
<  '  ;nc  furnaces  arc  similar  metalhirgically  in  so 

f  .ill  melt  by  means  of  the  electric  arc.  one  is 

y  rof  ;     hut    th<'  'liffTf-nrfMi   in   ''lectrical   and, 

':  n  types  not 

'■  t  he  metallur- 

K  turns.     Jake  one  item   alone:    the   ad<lition 

1  f  of  the  economi/ers  described  in  my  pajier. 

I  ''  a  furn.ice  is  changed  from  one  having  free 

a.i    iir-iM-  to  (r-   ' ;;  such  a   reducing  atmosphere 

that  It   will  ai  •  .mit  (rre  carlxm  on  the  charge 

'"  inge  brought 

a'  'r.      ,\notlier 

''  .    Ml.   llHilaiid  and  one  which 

^  iy,   hrU]    m    that   the  electrode 

holi^  in  the  roof  of  a  tumacc  arc  of  nccessitv  a  »ourcc 


of  weakness.  I  am  more  able  to  speak  of  my  o^vn 
furnaces  tlian  of  others,  but  I  do  not  know  a  Stobie 
furnace  wherein  the  roof  is  not  thicker  at  the  electrode 
holes  than  elsewhere  after  a  campaign.  Tliis,  again, 
is  due  to  the  cul-de-sac  formed  by  the  economizers 
and  also  to  the  disposition  of  the  water  coolers  inside 
the  electrode  holes.  There  are  se\eral  types  of  arc 
furnaces  having  no  electrode  holes  in  the  roof.  In  such 
furnaces  the  electrodes  are  brought  in  through  the  side 
walls.  It  is  known  that  the  roofs  of  all  such  furnaces 
give  in  much  more  rapidly  than  the  normal  type  of 
furnaces  with  electrodes  through  the  roof.  The  vertical 
electrodes  are  a  protection  to  the  roof  inasmuch  as 
they  sliield  the  latter  from  much  direct  radiation  from 
the  arcs. 

Dr.  Stead's  remarks  arc  helpful  in  recalling  to  metallur- 
gists that  a  steel  process  of  to-day  is  not  necessarily 
for  to-morrow.  1  would  place  the  suggestion  of  Mr. 
Harbord  that  the  electric  furnace  should  be  used  in 
conjunction  with  Bessemer  plant  to  produce  steel 
equal  to  the  best  open  hearth  side  by  side  with  Dr. 
Stead's  submission  that  the  now  vcn,-  high  cost  of  pig 
metal  probably  dooms  for  ever  the  Bessemer  process. 
Several  Bessemer  steelworks  ha\e,  in  fact,  ceased  working 
and  have  been  dismantled  in  the  last  year  or  two  on 
account  of  the  passing  of  the  Bessemer  process  ;  there- 
fore 1  suggest  that,  similarly,  in  repeating  the  opinion 
he  expressed  on  electric  furnaces  before  the  war  Mr. 
Harbord  has  given  insufficient  weight  to  post-war 
conditions. 

Mr.  Ellis  doubtless  does  not  suggest  that  any  words 
of  mine  are  intended  to  projose  that  switchgear  or  any 
other  electrical  apparatus  included  in  a  furnace  installa- 
tion should  not  receive  as  thorough  consideration  as 
the  transformers.  As  I  have  not  any  direct  personal 
knowledge  of  the  failure  in  oj->cration  of  any  fumaco 
switchgear  I  cannot  agree  with  the  suggestion  that  such 
apparatus  is  often  liable  to  be  a  source  of  trouble.  I 
do  not  think  transformer  makers  should,  as  is  suggested 
by  Mr.  Ellis,  be  encouraged  to  suit  themsel\-es  in  the 
designs  and  siwcifications  of  furnace  transformers. 
My  own  experience  is  that  I  have  yet  to  hear  of  a  trans- 
former built  to  the  general  s]X'cilicalion  1  give  in  my 
paper,  and  which  1  require  embodying  in  transformers 
for  Stobie  furnaces,  failing  through  any  limitations  so 
imposed.  In  fact  only  one  transformer  so  built  has 
ever  failed,  and  the  failure  was  due  to  a  liberty  taken 
sub  rosa  by  the  maker  and  admitted  by  him  later  to 
have  been  wrong.  L'n fortunately,  it  is  not  possible 
to  do  as  .Mr.  Ellis  suggests  and  lix  a  final  kilovolt  ampere 
requirement  for  each  size  of  furnace.  There  is  no  such 
thing  as  a  definite  demand  of  energy  fixed  by  the 
tonnage  of  steel.  .Any  (juantity  of  power  up  to  1  housands 
of  kilowatts  can  be  taken  by  a  single  ton  of  steel,  so 
it  will  always  remain  for  the  furnace  designer  to  decide 
from  the  output  required  from  the  furnace  what  arbi- 
trary- kilovoltampercs  arc  to  be  adopted  for  the  installa- 
tion. This  being  so,  I  think  transformer  makers 
who.   like  .Mr.   I-^llis  and   his  c<illc.»gue  Mr.    '  n, 

have  done  much  to  help  along  the  electrit  11 1 

industry,  will  admit  it  to  l)e  an  essential  requiicment 
of  the  furnace  designer  that  the  tiansformers  should 
conform   to   his  general   hmits   of   s]>ecification   rather 
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than  they  should  be  totally  independent  designs  having 
no  special  bearing  on  the  furnace  designer's  lay-out 
and  experience.  My  limitation  of  current  density  to 
1,250  amperes  per  square  inch  in  a  furnace  transformer 
is  criticized  by  Mr.  Ellis  as  importing  nothing  unless 
the  maximum  continuous  overload  is  specified.  Can 
any  transformer  maker  state  what  is  the  maximum 
continuous  overload  of  a  transformer  ?  Until  a  defini- 
tion very  different  from  the  one  usually  given  is  available, 
I  prefer  to  adhere  to  what  I  know  is  a  verj'  liberal  current 
density  for  windings  composed  of  suitable  conductors 
suitably  wound,  and  to  limit  the  tenaperature-rise  both 
in  the  windings  and  the  oil  to  a  reasonable  figure  after 
continuous  full  nominal  load  run.  Nothing  can  be 
safer  as  a  basis.  I  agree  with  Mr.  EUis  that  it  is  of  no 
use  attaching  a  host  of  bracings  to  transformers  unless 
there  is  a  definite  and  substantial  reason  for  each  one. 
All  bracings,  it  should  be  remembered,  are  not  for 
helping  the  windings  to  resist  stresses  ;  some  are  for 
supporting  them  in  position  to  avoid  dislocation  of  their 
magnetic  centres  after  shrinkage  of  insulation,  and  some 
which  may  be  unnecessary  in  one  design  of  transformer 
may  be  required  in  another  not  through  any  fault  in 
the  latter.  As  regards  the  taping  of  the  low-tension 
windings,  Mr.  EUis  rightly  points  out  that  the  oil  will 
abstract  heat  from  bare  copper  more  quickly  than  from 
taped  copper.  By  limiting  the  current  density  to 
1,250  amperes  per  square  inch,  as  specified  in  my 
paper,  the  taping  is  found  to  be  totally  unaffected  by 
heat  after  considerably  long  runs.  There  is  another  great 
advantage  in  taping  the  low-tension  windings  and  one 
which  I  have  not  mentioned  in  my  paper,  viz.  the 
considerable  reduction  in  sludging  of  the  oil  due  to  its 
protection  from  the  copper. 

The  letter  which  Sir  Robert  Hadfield  read  from  M. 
Girod  is  interesting  in  regard  to  the  development  of 
output  of  electric  steels  at  the  Girod  works.  Fortunately 
for  M.  Girod,  his  current  is  generated  from  "  white  fuel  " 
and  therefore  he  is  not  troubled  with  coal  costs.  If  we 
in  this  country  were  equally  favoured,  our  production 
of  electric  steel  would  be  much  greater,  as  there  is  no 
doubt  that  some  buyers  of  steel  will  purchase  pen- 
hearth  steel  for  many  purposes  where  electric  steel  is 
known  to  be  better  because  of  the  extra  cost  of  the 
latter  over  the  already  high-priced  open-hearth  tonnage 
steel.  In  his  letter  M.  Girod  claims  to  have  been 
the  originator  of  the  conductive  hearth.  In  the 
course  of  correspondence  in  an  American  technical 
periodical  some  years  ago  M.  Girod  made  the  same 
claim,  and  it  was  contended  in  the  same  periodical  by 
M.  Heroult  who  gave  the  date  and  (I  believe)  the  number 
of  a  Belgian  patent  he  took  out  on  a  conductive  hearth 
prior  to  M.  Girod's  patent.  I  mention  this  merely  to 
keep  history  clear.  Sir  Robert  Hadfield 's  suggestion 
of  a  difference  between  the  heat  of  ordinary  combustion 
and  that  obtained  from  electrical  energy  is  interesting 
but,  quite  apart  from  an  unlikely  physical  difference, 
I  think  the  method  of  applying  the  heat  accounts  for 
the  lowering  or  total  absence  of  "  inclusions  "  in  electric 
steel  and  the  resulting  higher  transverse  tests.  At  my 
own  steelworks  I  have  made  nickel-chrome  air-vessel 
steel  in  which  neither  the  large  armament  firm  for 
whom  it  has   been   made  nor  the  Government  torpedo 


factory  laboratories  have  been  able  to  detect  even  a 
trace  of  inclusions. 

Mr.  Carnegie's  figures  are  interesting  and  should  be 
revised  to  date.  Replying  to  his  query  on  the  subject 
of  the  possibility  of  electrically  converting  ore  direct 
into  steel,  I  do  not  consider  the  suggestion  practicable 
commercially.  The  slags  resulting  from  the  reduction 
of  iron  ore  would  always  be  a  source  of  trouble,  not  only 
chemically  but  also  mechanically.  Just  as  it  is  most 
favourable  to  run  a  blast  furnace,  mixer  and  open- 
hearth  train  for  cheap  production  of  ordinary  steel, 
so  will  it  probably  pay  to  use  specialized  furnaces  for 
each  step  between  iron  ore  and  finished  electric 
steel. 

I  would  inform  Mr.  Dixon  that  I  first  made  electric 
steel  in  1910  and  that  I  have  continued  making  it  since 
then  and  have  had  for  several  years  the  largest  electric 
furnace  at  work  in  the  country.  I  put  my  figures 
forward,  therefore,  as  the  practical  results  obtained  at 
my  own  steelworks  to-day.  They  are  also  confirmed 
by  other  works  operating  Stobie  furnaces. 

Mr.  Saniter  is  undoubtedly  correct  in  saying  that 
electric  steel  cannot  compete  in  price  with  structural 
steel  made  in  the  open-hearth  furnace  ;  but  tube 
steel  made  in  the  electric  furnace  is  stated  by  users 
to  be  much  more  regular  and  more  capable  of  with- 
standing the  punishment  meted  out  to  the  steel  in 
the  manufacture  of  weldless  tubes  than  does  open- 
hearth  tube  steel,  yet  that  is  one  of  the  steels  which 
should  give  the  open  hearth  a  good  comparison.  During 
the  war  the  Air  Board  always  preferred  electrically- 
made  steels  to  open-hearth  product  for  their  highest 
tensile  specifications  because  they  obtained  much  better 
all-round  results  with  such  steels. 

Mr.  Mordey's  remarks  on  the  wastage  of  electrodes 
are  to  the  point.  Until  I  devised  the  Stobie  economizer 
in  1916  there  was  no  possibility  of  avoiding  the  serious 
wastage  of  electrodes  and  heat  that  resulted  from  the 
rush  of  flames  out  of  the  roof  through  the  electrode 
holes.  Many  methods  had  been  tried  previously,  and 
I  had  studied  the  subject  from  my  earliest  work  on 
electric  furnaces  in  1910.  The  economizer  seems  to-day 
an  obvious  remedy  ;  but  until  its  advent  all  attempts 
to  seal  the  roof  consisted  of  ganister,  clay  or  similar 
substances  thrown  on  the  roof  round  the  elec- 
trode. 

I  believe  Mr.  Parker's  exposi  of  the  running  of  the 
first  induction  furnace  in  the  country  is  the  only  descrip- 
tion available  of  that  occasion,  and  it  is  a  valuable  con- 
tribution to  the  history  of  electric  furnaces. 

Replying  to  Mr.  G.  M.  Brown,  the  consumption  of  elec- 
trodes in  a  furnace  is  undoubtedly  related  to,  inter  alia, 
the  sectional  area  of  the  electrodes.  There  is  a  correct 
size  of  electrode  for  each  furnace.  If  too  small  a  diameter 
is  used,  the  electrode  will  get  red  hot  above  the  furnace 
due  to  too  high  a  current  density,  and  may  even  break 
due  to  that  cause.  The  red  hot  electrode  will  spoil 
copper  terminals  and  will  in  general  obstruct  work. 
If  the  electrode  is  of  too  large  a  diameter  there  will 
be  a  high  consumption  due  to  the  exposure  of  too  great 
a  surface  to  burning  inside  the  furnace.  The  economies 
in  current  and  electrode  resulting  from  the  use  of 
efficient   economizers,  for   which   Mr.    Brown   asks,   are 
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^*en  below.     I  also  add  the  sa\-ing  in  refractories  and 
time  required  j>cr  heat  : — 
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The  comparison  is  with  ordinary-  good  practice  without 
Stobie  ecunomtzcrs,  and  not  with  bad  practice.  As  Mr. 
Hrown  emphasi7.es,  claims  by  some  furnace  designers 
that  their  furnace  gives  circulation  to  the  molten 
metal  cannot  be  support eti  in  the<in,-,  and  the  exix'riments 
d'  -  my  ]iaj>er  conclusively  disprove  the  fallacy. 

1  '.    "f   electrode   holders   is   most   imixirtant. 

I  1  Ige  construction  in  1913  and  have 

al--  ^  so  equipped.     I  cannot  understand 

why  other  makers  adhere  to  the  original  gallows-arm 
carriers  notxWthstanding  the  repeated  failures  from 
that  source..  They  arc  invariably  the  cause  of  heavy 
breakages  of  electrodes  and  unbalanced  stresses  in  the 
furnace  structure. 

Mr.  Toy  complains  of  the  royalty  charged  by  furnace 
makers.  I  agn-e  with  him  that  it  should  not  Ih;  unreason- 
able. I  would  go  further  and  say  tliat  no  royalty  should 
be  charged  if  the  patentee  can  only  show  a  difference 
in  electrical  connections  between  his  product  and  another. 
The  only  occasion  on  which  a  royalty  should  be  paid 
is  on  substantial  economies  by  the  use  of  some  distinct 
innovation  incoqxjrated  in  a  furnace. 

Mr.  Dawson  says  that  furnace  makers  should  try  to 
provide  a  really  cHectivc  economizer  and  that  although 
he  has  seen  many,  he  lias  never  yet  found  one  that  is 
successful.  As  this  leads  one  to  conclude  that  Mr. 
Dawson  speaks  with  a  knowledge  of  the  device  I  have 
described,  I  must  reply  that  Mr.  Dawson  has  not  given 
an  opportunity  for  a  sujjcrviscd  run  on  his  plant  with 
the  economizer.  In  fact  he  is  aware  that  refusal  to 
have  a  demonstration  is  not  the  best  test  of  the  apparatus. 
On  the  100,000  tons  <if  electric  steel  turned  out  from 
one  works  during  the  war,  at  least  £i  i>er  ton  would 
hav  Ix-en  s.ivf'i  \<\-  the  use  of  the  cconoinirers.  A 
*■  ■  process  accompanies  the  use 

oi  .   iiid  this  is  so  material  tliat  my 

own  works  turned  out  less  steel  on  first  using  the  econo- 
mizers llian  they  had  previously  done.  On  probing 
the  matter,  the  solution  liecanie  evident  and  the  righted 
prtKess  increased  the  original  speed  by  20  to  30  per 
cent:  over  l.ooo  ton.n  of  dean  ingots  bring  obtainetl  in 
amuiithwi'  ii-ton   cliarges.     Contrary  to  .Mr. 

Dawson 'h  an  economizer  such  as  described 

"'  '  does  not  need  repairs  after  cver>'  few  days. 

A:  I    till-     <«  caMonal    replacing    of   a    jiiece   of 

*■  anci  I  have  had  Stobie  economizers 

f  ".1  ye.ir  out,  giving  them  a  ver>-  little 

-''  '^cr   a   furnace  is  down  for  repairs.     A 

K'  '1   show  there  is  notlii  >  wmng. 

thai    it    in   not    1  as   .Mr 

^'  ''■!»  in   an  lift  till    furiia<e 

''  li    might    otherwise    fuse 

"•  r.      On   the  rontr.irv. 

"■  nckMork  i»  a  powerful 

abra*io(;    agent   and    very    raindly   wean   away   siUca 


brickwork.  The  producing  of  heat  in  the  furnace  and 
then  letting  it  out  with  the  idea  of  avoiding  too  high 
a  heat  in  the  furnace  is  not  economical.  l£ither  the 
heat  is  not  wanted,  or  it  should  be  alisorbed. 

The  difference  in  running  costs  of  furnaces  notcti  by 
Mr.  Pyne  may  be  due  to  difference  in  methods  of 
calculation.  It  is  probable  that  one  firm  gave  net 
material  and  labour  costs  and  tliat  the  other  gave  costs 
completed  to  the  last  farthing,  .\utomatic  control  is, 
as  Mr.  Pyne  suggests,  of  invaluable  service  and  should 
always  be  adopted  except  in  special  cases. 

1  would  commend  Mr.  Service's  remarks  about  the 
superiority  of  electric  steel  over  open-hearth  steel  to 
those  who,  unlike  him,  have  not  had  considerable 
experience  with  both  steels.  Sulphur  prints  from  the 
sectioned  trepanned  cores  of  the  steel  made  at  my 
works  to  which  Mr.  Service  refers  revealed  only  a  mono- 
tonous, unmarked  structure  such  as  is  beUeved  by 
many  metallurgists  to  be  unobtainable. 

The  furnace  referred  to  by  Mr.  Iniber>"  is  one  requiring 
not  only  high  voltage  but  extra  high  frequency.  Such 
frequency  can  only  usefully  be  obtained  by  installing 
discharge  condensers  or  ver}'  special  rotating  machinery. 
In  either  case,  the  cost  per  kilowatt  of  capacity  would 
be  greatly  in  advance  of  the  cost  of  arc  furnaces  and 
the  plant  cannot  offer  the  chemical  advantages  of  arcs. 

Mr.  Sprague's  interesting  contribution  on  graphite 
electrodes  brings  out  the  points  1  made  in  my  paper 
in  regard  to  the  fault  so  often  made  of  comparing  direct 
current  carried  by  an  electrode  with  the  loading  up  of 
the  same  electrode  on  an  alternating-current  supply. 
The  current  density  of  the  outer  jxirtions  of  the  sectional 
area  of  an  electrode  carni'ing  an  alternating-current 
supplv  is  much  greater  than  the  average  density,  and 
therefore  the  a\erage  carr\-ing  capacity  of  an  electrode 
carrying  alternating  current  must  be  less  than  that  of 
one  cariA'ing  direct  current  if  the  current  density  of 
the  outer  sections  is  not  to  exceed  the  current  density 
of  the  electrode  carrying  direct  current.  In  very  round 
figures,  a  12-inch  round  electrode  will  allow  an  average 
alternating-current  density  of  half  that  of  a  sinalar 
electrode  carrying   direct   current. 

.Mr.  Travis's  addendum  to  Mr.  Grcavcss  pai>er  is 
interesting  to  other  furnace  designers  like  myself  lor 
the  original  ideas  it  contains.  Mr.  Booth's  statement 
criticized  by  Mr.  Travis,  concerning  two  sets  of  gnds 
in  the  hearth  being  electrically  insulated  from  each  other, 
IS  undoubte<lIy  correct  in  substance,  as  only  highly- 
heated  portions  of  the  hearth  are  good  conductor*  .ind 
It  is  easy  to  arrange  for  a  long  and  coniparjitively  cold 
length  of  hearth  between  the  two  gnds.  Mr.  Travis 
is,  fortunately,  not  correct  in  suggesting  a  disadvantage 
in  my  furnaces  I'igs.  2  and  3  from  the  electrodes  not 
being  independent.  On  the  contran,-,  the  two  arcs  in 
series  form  a  most  effective  rrsist.tnce  buffer  which 
prevents  fluctuations  reaching  high  values  such  as 
occur  in  the  single-arr-]>er-phase  s>-stcm  adopterl  in 
ftrc.iveslUchells  furnaies.  He  is  also  wrong  in  sug- 
gesting that  special  means  of  clcctro<le  regulation  is 
re(|uired.  Stobic  fiirn.icrs  arc  controlled  by  exactly 
the  same  makes  ami  svstrnis  of  aulotnatic  controUen 
as  his  and  other  furnaces.  The  only  diflercnce  in 
regulation  ia  that  any  fluctuation  which  hat  not  liccn 
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prevented  by  the  buffer  action  of  the  two  arcs  arranged 
in  series  is  taken  in  hand  by  the  motors  operating 
the  two  electrodes  in  series  and  is  rectified  in  half  the 
time  required  by  single-arc-per-phase  furnaces.  ^Ir. 
Travis  suggests  that  bottom  electrodes  are  not,  as 
I  stated,  very  undesirable  in  large  furnaces,  and  that 
they  have  been  used  for  all  sizes  of  furnaces.  There 
is  no  furnace  larger  than  7  tons  in  this  or  any  other 
country  working  on  uncooled  hearth  connections,  and 
as  Mr.  Travis  does  not  use  the  water-cooled  type  of 
bottom  connection  in  the  Greaves-Etchells  furnace, 
I  presume  he  refers  to  the  kind  used  in  this  country. 
Even  on  Mr.  Tra\-is's  own  showing,  no  large  furnace  could 
long  be  successfully  run  with  such  hearth  connections. 
He  says  500  amperes  per  square  foot  of  effective  hearth 
surface  is  safe.  A  12-ton  furnace  on  single-arc-per- 
phase  running  would  have  a  current  flow  of  some  15,000 
amperes.  This  would  necessitate  an  "  effective  hearth 
area,"  which  must  commence  below  the  bath  level, 
of  30  square  feet.  Should  all  portions  of  such  surface 
not  be  absolutely  equidistant  from  the  bottom  electrode, 
and  we  all  know  they  never  can  be,  then  this  huge 
current  will  mainlv  flow  through  the  narrow  portions. 
Such  portions  \nll  become  much  more  highly  heated 
and  therefore  their  conductiNitj'  still  further  increased. 
The  results  are  cumulative,  and  disaster  must  result 
sooner  or  later.  Going  a  little  further  than  Mr.  Travis 
has  done  into  the  question  of  bottom  heating  for  large 
furndces,  and  taking  Mr.  Travis's  statement  that  8  to 
10  per  cent  of  the  total  energy-  supplied  to  his  furnace  is 
absorbed  in  the  hearth,  one  finds  that  if  he  built  a  12-ton 
furnace  240  kw.  to  300  kw.  per  hour  would  be  at 
times  absorbed  by  the  hearth.  This  waste  is,  of  course, 
additional  to  the  high  heat  imparted  to  the  hearth  by 
the  molten  steel.  The  heat  developed  in  any  part  of 
the  hearth  by  this  absorption  of  energy  will  be  propor- 
tional to  the  voltage  drop  across  such  part.  The 
dolomite  mixture  forming  the  hearth  has  a  verj' 
high  resisti\'ity  when  below  red  heat  and  it  becomes 
increasingly  conductive  in  a  much  greater  ratio  than 
its  increase  in  heat.  It  results  therefrom  that  at  a 
steel-melting  temperature  the  dolomite  is  of  good 
conducti\-ity.  Assuming  the  hearth  to  be  10  inches 
thick  between  the  bottom  electrode  and  the  surface  of 
the  crucible,  there  would  be,  in  normal  working,  roughly 

1  inch  thickness  of  good  conducti\'ity,  2  inches  of 
mediocre   conductivity,  2  inches  of  poor  conductivity, 

2  inches  of  bad  conductivity  and  3  inches  of  very  high 
resistivity.  The  voltage  drop  at  full  load  across  the 
hearth  bottom  would  be  relegated,  as  to  50  per  cent  in 
the  bottom  3  inches,  as  to  25  per  cent  in  the  next  2 
inches,  and  the  balance  variably  in  the  upper  layers  of 
the  hearth.  What  is  the  result  ?  120  to  150  kw. 
would  be  wasted  8  to  10  inches  away  frc  m  the  bath  ; 
60  to  75  kw.  absorbed  6  to  8  inches  away  ;  and  60  to 
75  kw.  absorbed  mainly  2  to  6  inches  away  from  the 
molten  steel  bath.  In  other  words,  the  main  heat 
resulting  from  the  absorption  of  energy  by  the  furnace 
hearth  is  dissipated  in  the  most  distant  parts  of  the 
hearth  from  the  steel  bath,  i.e.  just  those  parts  which 
it  is  most  necessary  to  keep  cool.  I  have  not  been  able 
to  find  the  specified  results  of  using  Stobie  economizers 
which  Mr.  Traxns  states  ^Ir.  Mercer   gives  in  his  paper. 


If,  however,  Mr.  Travis  has  considered  the  lowest 
consumptions  of  electrode  given  in  the  tables  in  Mr. 
Mercer's  paper  to  relate  to  Stobie  furnaces  he  is  quite 
correct.  Amongst  the  others  in  those  tables  are  the 
Greaves-Etchells  furnaces.  Had  the  latter  given  the 
low  consumptions  which  Mr.  Tra^•is  would  claim  for 
them,  they  would  of  course  have  figured  in  those  official 
tables  in  the  positions  occupied  by  Stobie  furnaces. 
Mr.  Travis  says  he  has  now  abandoned  the  bath-circula- 
tion theory.  If  he  will  also  throw  out  the  convection- 
current  fallacy,  advancement  will  be  much  quicker. 
Anyone  who  believes  he  can  make  successfully  an  alloy 
steel  such  as  described  by  Mr.  Tra%-is  without  \-igorous 
rabbUng  of  the  bath  has  either  never  made  such  a  steel 
or  has  not  concerned  himself  with  the  analysis  afterwards. 
Xo  heat  imparted  by  the  hearth  connections  to  the  lower 
layers  of  molten  steel  could  possibly  make  those  bottom 
layers  hotter  than  the  top  layers  which  are  next  the 
slag  ;  therefore,  how  can  Mr.  Tra\-is  bring  himself  to 
suggest  that  8  to  10  per  cent  of  the  total  energy,  even 
if  it  were  all  imparted  to  the  steel  ne.xt  the  hearth, 
should  cause  such  steel  to  rise  by  expansion  and  displace 
the  steel  at  the  top  of  the  bath  wliich  is  heated  and 
expanded  by  90  per  cent  of  the  total  energy  ?  It  is 
not  on  such  unsupportable  theories  that  the  electric 
steel  industry  can  thrive  ;  much  better  admit  there  is 
no  more  circulation  in  the  electric  furnace  than  in  the 
open  hearth  furnace  and  encourage  rabbling  for  all  one 
is  worth. 

Mr.  Howard  raises  some  interesting  points  as  regards 
the  -^vorking  of  large  furnaces  such  as  Figs.  2  and  3  in 
my  paper.  The  fear  he  expresses  of  single-phase  working 
is  no  greater  by  those  connections  than  when  using 
ordinarjf  three-phase  three-wire  connections  to  furnaces, 
as  the  three  phases  of  the  high-tension  side  are  perma- 
nently coupled  up.  In  the  case  of  Fig.  2,  if  one  of  the 
low-tension  phases  is  put  out  of  commission,  the  high- 
tension  is  not  so  unbalanced  as  if  one  low-tension  phase 
of  a  three-phase  three-electrode  furnace  were  out  of  com- 
mission. With  the  connections  as  in  Fig.  3,  the  out-of- 
balance  with  one  low-tension  phase  out  is  exactly  the 
same  as  in  a  three-phase  three-electrode  furnace.  I 
regret  ilr.  Howard  does  not  mention  the  four  points  he 
does  not  like  in  my  description  of  suitable  transformers. 
As  regards  my  preference  for  as  much  as  possible  of 
the  circuit  reactance  being  embodied  in  the  transformers, 
the  reason  is  that  should  a  short-circuit  happen  in  or 
near  the  transformers  they  are  more  able  to  resist 
disruption.  Of  course,  if  the  short-circuit  is  on  the 
high-tension  side  there  is  not  much  gained.  I  have  not 
experienced  any  higher  cost  of  furnace  transformers 
due  to  the  reactances  I  specify,  ^^'ith  the  other  limits  of 
specification  I  fix  there  is  no  cause  for  increased  price. 
I  do  not  care  for  reactance  iron  on  the  low-tension  leads. 
These  latter  sometimes  get  hot  when  a  furnace  is  pressed, 
and  a  local  addition  of  heat  by  reactance  iron  in  the 
vicinity  should  be  a\oided.  The  dividing  of  the 
primaries  in  the  middle  for  balancing  voltage  alterations 
whilst  preser\-ing  the  symmetrj-  of  the  windings  and  the 
end  reinforcement  of  insulation  does  not  increase  the 
switchgear  sufficient  to  cause  any  important  increase 
in  price,  nor  does  it  appreciably  compUcate  the  con- 
nections.     It    entails    r'mning    eight    leads    from    the 
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transformer  to  the  selector  switch  instead  of  four.  But 
all  this  is  insignificant  compared  with  the  electrical 
advantages  gained.  There  is  no  change  in  the  main 
switch.  I  am  glad  to  inform  Mr.  Howard  in  answer 
to  Ins  doubt  as  to  whether  such  connections  can  be  made 
on  a  selector  gear  operating  under  oil  that  1  have  several 
installations  on  hand  at  present  wherein  that  is  being 
done  just  as  easily  and  as  free  from  complication  as 
if  unsymmetrical  windings  were  being  dealt  with. 

Replying  to  Mr.  Crappcr's  suggestion,  arising  out  of 
my  paper,  that  engineers  accustomed  to  the  design  of 
transformers  should  settle  such  matters  as  leactance, 
I  should  consult  them  as  I  would  a  tailor  in  regard  to 
the  cloth  for  a  suit.  In  other  words  their  suggestions 
are  alwa\"s  to  be  warmly  appreciated,  but  the  furnace 
designer  has  the  whole  of  the  electrical  lay-out  in  hand 
and  knows,  or  should  know,  what  total  reactance  he  is 
seeking  in  his  circuits.  The  lay-out  of  furnace  circuits 
such  as  in  3,000  k.v.a.  furnaces  is  not  merely  a  matter 
of  reactance  calculations  :  it  is  to  a  great  extent  dependent 
on  magnetic  materials  all  .iround  the  installation  which 
have  no  definitely  calculable  values.  I  would  place  actual 
experience  in  furnace  lay-outs  as  the  first  guide,  and 
consider  a  few  calculations  for  calibrating  the  designer's 
mind  as  a  necessary-  tonic.  As  a  proof  of  this  I  would 
call  attention  to  the  ascertained  power  factors  of  large 
Stobie  furnaces  given  in  my  pap>er,  and  against  that 
mention  a  case  of  which  I  have  recently  heard  where 
eminent  consulting  electrical  engineers  have  been 
called  in  to  discover  why  another  make  of  large 
furnace  only  gave  a  power  factor  of  about  0-3  and 
have  not  succeeded  in  putting  the  lay-out  in  order. 
This  case  is  known  to  several  furnace  transformer  makers. 
As  Mr.  Crappcr  suggests,  the  information  concerning 
wave-form  results  from  oscillograms.  These  oscillograms 
relate  to  the  characteristics  of  arcs  supplied  with  energy 
of  sinusoidal  wave-form  at  unity  power  factor.  The 
statement  which  Mr.  Crapper  says  he  does  not  understand 
is,  undoubtedly,  not  clearly  cxpresse<l.  I  have  revised 
It  for  the  Journal.  Thus  altered,  it  will  be  understood 
that  what  is  meant  is  that  at  each  half  cycle  the  voltage 
wave  will  rise  without  any  current  flowing  until  the 
potential  is  high  enough  to  bridge  the  arc-gap  resistance. 
The  potential  will  then  momentarily  drop  whilst  the 
maximum  current  will  flow.  Towards  the  end  of  such 
half  cycle,  the  current  will  stop  almost  suddenly  when 
the  potential  falls  too  low  to  bridge  the  arc  gap.  At 
that  moment  when  the  current  ceases  to  flow  there  is 
a  slight  ri.sc  of  (vitential  noticeable  on  the  voltage  curve. 
The  result  of  the  foregoing  is  to  lower  tlie  power  factor 
witlwuit  any  displacement  of  phase,  it  iK'iiig  unilcrstood 
that  all  this  refers  to  arc  phenomena  proper  with  some 
reactance  in  circuit  and  not  to  furnace  olwervations. 
Thi«  reservation  is  made  quite  dear  in  my  paixr.  Keply- 
ing  to  the  last  query  of  ,Mr.  Crapper.  the  word  "  voltage  " 
was  omitted  after  the  word  "  im|)edancc  "  in  the  advance 
copies. 

Mr.    |.    I„    Th'impfion't  comments  on   my  suggested 
fr.i^  nt»  are  much  appreciated.    Several 

of  :  .I  have  ilralt  with  in  my  answer 

to   his  .Mr.    I'Jlw.     I   would   quite  agree  with 

himth.i^  I'-ntdeniiity  in  f<irce<l-c<K)led  transformers 

should  be  taken  higher  than  in  naturally  cooled  onea. 


but  only  so  long  as  the  s\-stem  of  coohng  did  not  solely 
consist  of  replacing  hot  oil  with  cooler  oil.     That  is  to 
say  that  forced  cooling  should  always  imply  the  forcing 
of  cool  oil  against  the  windings.     Mr.  Thompson's  re- 
marks about  my  item   (6)  are  a  very  good  resume  of 
jxiints    often    left    unthought    of    in    connection    with 
transformers.     Mr.  Thompson  says  item   (7)  is  a  verj* 
contentious  point.     Certainly  many  have  opposed  this 
suggestion   of   mine  ;     but   hitherto   it   has  only   been 
objected  toon  the  ground  that  the  unavt.idable  reactance 
in  the  furnace  circuits  is  either  already  suflicicntly  high, 
or  else  that  any  additional  reactance  to  the  ordinary 
circuit  reactance  is  obtainable  by  juxtaposing  reactance 
iron  along  such  circuit.     Mr.  Thompson  suggests  another 
objection   to   a   high   transformer   reactance.     My   first 
answer  to  all  these  points  is  that  well-designed  funiace 
circuits  do  not  contain  such  elusive  reactance  factors' 
as  to  leave  in  doubt  whether  suflicient  reactance  will 
be  available  to  protect  the  installation.     The  second 
answer  is  that  my  adoption  of  about  twice  the  voltage 
per  phase  found  in  all  other  plant  cuts  down  the  current 
flowing    in     my   transformers   to   about   one-half    that 
obtaining  elsewhere,  and  this  overcomes  Mr.  1  hompson's 
point.     A  high  reactance  in  a  transformer  has  the  ad- 
vantages of  protecting  the  apparatus  in  case  oi  a  short- 
circuit  across  the  low-tension  circuits  and  in  permitting 
ample  spacing  of  coils  for  ventilation.     If  these  most 
valuable  advantages  are  obtainable  at  the  same  time 
as  the  high  jxiwer  factors  which  I  show  in  my  papfcr  to 
be   obtained    with   large    Stobie    furnaces,    then    surely 
objection  should  be  raised  against  low-reactance  trans- 
formers in   future.     Mr.  Thompson  is  quite  correct  in 
suggesting  that  a  delta  high-tension  arrangement  should 
have  been  shown  in  Fig.  3.     As  one  with  a  measure  of 
experience   in    designing  complete  furnace  e<]iiipments 
and  with  equal  experience  in  running   them,   I  cannot 
endorse  the  ideal  transformer  outlined  by  Mr.  Thomp- 
son.    I  have  dealt  with  the  objections  thereto  in   the 
discussion  of  his  paper  on  furnace  transformers. 

Mr.  D.  G.  Jones's  remarks  may  be  supplemented  by 
giving  the  coal  or  coke  consumption  per  ton  of  steel 
for  manufacturing  steel  in  efficient   practice,   viz.  : — 


Open  Hearth 

Jilectric 

Crucible 


7  cwt. 
10     .. 
60     ., 


I  am  glad  to  know  Mr.  Hurnand  agrees  with  my  con- 
tention, as  does  Mr.  G.  M.  Urown.  that  there  can  be  no 
circulation  of  the  liath  in  cloctrit  furnaces.  It  is  possible, 
as  Mr.  Muriiand  further  states,  to  force  sonic  circ  iil.it ion 
by  special  dispf)sitions  of  magnetic  fields  in  relatimi  to 
current  flow.  This  is  seen  in  the  l-'orranti  mercury 
meter  which,  by  the  way.  Dr.  Ferranti  tells  me  resulted 
from  his  early  experiments  in  Sir  William  Siemcns's 
electric  steel  furnace.  Dr.  Ferranti  originated  many 
alternative  electrical  connections  on  that  historic 
singlc-arc  furnace,  and  one  of  them  consisted  of  winding 
rounil  the  crucible  the  cable  carrying  current  to  the 
top  electrode.  The  other  t  able  went  direct  to  the  bottom 
eleclnxlc.  It  was  found  that  the  bath  circulatecl  with 
a  speed  proportion.al  to  the  current  flowing.  Siiih  an 
arrangement  is,  of  course,  impracticable  in  a  modem 
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electric  steel  furnace  unless  the  latter  is  of  exceptionally 
small  capacity.  I  did  not  mention  the  use  of  external 
magnets  in  my  paper  as  a  suggested  means  of  causing 
circulation  of  the  bath,  as  would  appear  from  Mr. 
Burnard's  remarks  ;  it  was  in  connection  with  arc 
phenomena.  Mr.  Bumand's  illustrations  of  the  com- 
munal working  of  magnets  are  most  interesting.  Practice, 
however,  does  not  agree  with  his  deduction  therefrom 
that  separately  wound  transformers  feeding  separate 
electrodes  under  the  conditions  he  names  will  pass 
current  according  to  the  potential  difference  between 
the  electrodes.  This  certainly  does  not  occur  at  all  in 
circuits  out  of  phase  with  each  other  by  90°,  and  I 
cannot  see  how  it  could  happen  even  with  separate 
transformers  in  step  with  each  other.     Let  A  in  Fig.  C 


(vvwv\MAA(VW        w^A^^/vvvvwv 


,^A/VM 

B 


B. 


AAAA/1 
c 


B. 


Fig.  C. 

herewth  be  a  high-tension  circuit  through  two  trans- 
formers in  series.  Let  B  and  C  be  separate  low-tension 
circuits  from  those  transformers,  and  Bi,  Bj  ;  Cj,  Cj, 
the  corresponding  electrodes.  Let  D  be  the  bath  of 
steel.  Assume  a  voltage  of  100  between  Bi  and  B^, 
and  a  similar  voltage  between  Ci  and  C2.  If  Bj  and  Cj 
are  brought  down  to  half  the  distance  of  Bj  and  Cj 
from  the  bath,  one  would  expect  the  voltages  across 
the  four  arcs  to  be  respectively  33  ;  67 ;  67 ;  33. 
Then  if  llr.  Burnand  were  correct  two-thirds  of  the 
total  current  flowing  through  the  bath  should  pass 
through  Bj  and  Cj,  and  one-third  of  the  current 
through  Bj  and  C,.  This  cannot  occur  as  no  current 
will  pass  through  Bj  which  does  not  pass  also 
through  Bj.     Again,  the  relative  voltage  ratio  of  two 


arcs  in  series  is  roughly  proportional  to  the  distance 
of  each  electrode  from  the  bath  divided  by  the  sum  of* 
their  distances  ;  therefore  a  higher  potential  on  one 
arc  is  offset  by  the  higher  resistance  of  the  arc  gap. 
In  the  illustration  (6)  given  by  Mr.  Burnand,  the  flow 
of  magnetism  is,  as  he  suggests,  in  series  and  whatever 
hnes  of  force  pass  through  one  pole  pass  through  the 
other  three.  Its  electrical  equivalent  only  exists  when 
connections  permit  a  circulating  current.  If  in  Mr. 
Booth's  Fig.  2,  mentioned  by  Mr.  Burnand,  the  hearth 
grids  were  not  insulated  from  each  other  or  if  there  were 
not  a  fairly  high  insulation  between  such  grids  and 
the  metal  bath,  then  a  circulating  current  would  readily 
flow  and  fulfil  the  conditions  necessarily  precedent  to 
Mr.  Burnand's  assumption.  Certain  it  is  that  instru- 
ments in  the  two  circuits  shown  in  my  Fig.  2  conclusively 
demonstrate  that  there  is  no  current  in  either  low- 
tension  phase  which  is  not  proper  to  that  phase  alone. 
It  would  be  necessary  to  connect  one  side  of  one  low- 
tension  circuit  to  one  side  of  the  other  low-tension 
circuit  at  any  point  between  the  transformer  terminals 
and  the  electrode  terminals  to  permit  a  circulating  current 
to  flow,  as  the  potential  difference  behind  the  assumptive 
circulating  current  is  insufficient  to  bridge  the  combined 
resistances  of  the  four  arc  gaps,  the  potential  being  only 
70-5  per  cent  of  that  necessarj-.  Kor,  in  this  case,  can 
one  expect  even  a  proportion  of  circulating  current 
equivalent  to  the  proportion  of  voltage,  as  the  arc 
gaps  are  adjusted  for  the  higher  phase-potentials. 
Circulating  current  in  a  two-phase  furnace  system 
lowers  the  power  factor  of  the  system.  It  also  boosts 
up  the  voltage  of  one  phase  at  the  expense  of  the  other, 
and  thus  throws  the  energj'  demand  out  of  balance. 
For  these  reasons,  and  to  gain  the  advantage  of  the 
buffer  action  of  two  arcs  in  series,  I  originated  the 
entire  separating  of  phases  in  large  polyphase  furnaces. 

Mr.  Moffett's  remarks  consisting,  as  the}-  do,  mainly 
of  a  resume  of  the  papers,  do  not  raise  more  than  one  or 
two  debatable  points  ;  but  his  belief  in  a  circulation 
of  the  bath  in  an  arc  furnace  would  seem  difl&cult  to 
overcome. 

In  reply  to  Mr.  Whittaker,  so  much  depends  on  the 
ultimate  energy  consumption  and  furnace  temperature 
that  a  useful  arrangement  for  obtaining  a  flame  spread 
in  one  size  or  type  of  furnace  may  quite  easily  be  useless 
for  another. 


uv. 
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Authorities  of  to-«lay  agr<;e  that  the  main  problems 
of  protection  against  electrical  surges  and  lightning 
disturliances  have  l>een  solved,  but  there  still  exist 
many  points,  in  the  realms  of  Ixith  thcon,'  and  practice, 
especially  with  reganl  to  atmospheric  phenomena, 
which  have  yet  to  be  elucidated.  In  the  following, 
therefore,  only  a  few  of  the  more  or  less  predominant 
electrical  disturbances  are  considered. 

Brieflv,  surges  may  be  classed  into  two  main  groups  : 
(I)  potential  surges  and  (2)  dynamic  current  surges. 
The  former  naturally  involve  a  movement  of  a  charge 
of  electricity  and  are  therefore  followed  by  a  current, 
but  it  is  desirable  to  distinguish  this  surge  current  from 
the  heavy  dynamic  currents  which  result,  on  a  constant- 
potential  system,  from  an  accidental  short-circuit. 
There  is  always  a  greater  amount  of  energy  in  the 
djTiamic  current  surge,  which  frequently  causes  great 
mechanical  damage  and  excessive  heating.  The  oscillat- 
ing currents  of  abnormal  potential  surges  rarely  do 
harm  m  themselves  ;  it  is  the  abnormal  value  of  the 
jwtential  reached  which  so  often  causes  the  destruction 
of  the  dielectric. 

The  principal  causes  of  abnormal  potential  surges  may 
be  sub-<livide<l  as  follows:  (a)  Lightning,  (6)  accidental 
earthing,  (<■)  resonance,  (rf)  switching  effects,  reflected 
waves,  concentration  of  potential,  etc.,  (e)  continuous 
induction. 

Lightning. — The  nature  of  the  accumulation  of  static 
electricity  in  the  atmosphere  which  causes  lightning  is 
still  a  matter  of  speculation.  It  seems  probable  that, 
as  a  result  of  very  rapid  condensation  of  moisture  and 
the  lack  of  uniformity  of  this  condcn.sation  due  to  air 
currents,  a  non-uniform  distribution  of  potential  is 
prcxluced  between  the  raindrops  in  the  clouds.  When, 
at  some  point  in  space,  the  jx)tcntial  gradient  exceeds 
tl,.  -ive  strength  of  air,  an  OM.illatory  di.schargo 

til .  irf>tw<vn  raindrops  and  gradually,  in  a  numlK-r 

of  •<s,  traverses  the  cloud  and  equalizes 

tl.'  .  •  lit  within  it. 

l-roin  roults  ol)taine<l  by  ]•".  l.inkc  in  numerous 
ItalUxin  a-Hcents.  the  potential  gra<lient  appears  to 
•liminish  the  further  we  get  away  from  the  earth.  Up 
to  1.500  metres  it  seems  to  var>*  daily  and  to  depend 
upon  atmospheric  conditions,  but  atxiut  this  height 
the  gra<licnt  at  any  particular  point  tends  to  remain 
constant  over  long  j>enofls.  I.inkc  deduced  the 
following  formula 

H  \'  d  h        vj    -  o  •  006  h , 

where    d  \' ;d  h    is   the   |>nlcntial   gradient    in    volts   |icr 
metre  and   A  the  height   in   metres  almvc   the  ground. 


the  formula  being  applicable  to  heights  from  1,500  to 
0,000  metres. 

Assuming  Linke's  formula  to  be  only  a  rough  approxi- 
mation which  fits  in  with  his  exix:riments,  the  results 
show  that  at  about  4  miles  above  earth  the  potential 
gradient  is  very  small.  During  storms  the  distribution 
of  potential  is  very  erratic  and  it  is  impossible  to  fix 
any  limits  to  the  variations  in  potential  ;  the  gradient 
near  the  earth  may  Ix;  at  least  10  times  that  during 
settled  days. 

Briefly,  lightning  may  affect  a  transmission  line  in 
three  ways  :  by  static  induction,  by  magnetic  induction, 
or  by  direct  stroke. 

A  charged  cloud  approaching  a  line  induces,  by 
static  induction,  a  charge  of  opposite  sign  in  the  con- 
ductors ;  this  charge  rushes  along  the  line  and  jumps  to 
earth  at  any  weak  jxjint.  If,  however,  the  insulation  is 
ever\•^vhere  strong  enough  to  prevent  discharge,  or  if 
the  potential  of  the  charge  is  not  high  enough  to  jump 
to  earth,  the  charge  will  oscillate  backwards  and  forwards 
along  the  line,  dissipating  its  energy  in  ohmic  losses 
and  leakage.  The  field  set  up  by  a  lightning  discharge 
taking  place  parallel  to  a  transmission  line  induces  a 
charge  by  magnetic  induction  which  may  either  jump 
to  earth  at  a  weak  spot,  or  damp  itself  out  as  before. 

A  direct  lightning  stroke  is  rare  and,  if  it  strike  a  line 
at  some  distance  from  the  station,  it  usually  jumps  to 
earth  over  the  nearest  insulator,  often  destroying  l)oth 
insulator  and  pole  ;  also  there  will  generally  be  a  wave 
sent  along  the  line  which  may,  or  may  not,  cause 
damage  dcjicnding  on  local  con<litions.  If  the  stroke 
occur  near  the  station  apparatus  it  is  probable  that  no 
protection  whatever  will  be  obtained  from  any  arrester. 
Even  supposing  that  the  arrester  were  a  direct  connec- 
tion between  line  and  earth  there  would  generally  ho 
sufHcicnt  inductance  and  resistance  in  this  earth  con- 
nection to  prevent  a  free  discharge,  and  the  result  would 
l)e  that  the  lightning  would  find  other  paths  to  earth 
as  Ix-fore.  It  may  l>c  said,  generally,  that  lightning 
arresters  are  not  reipiired   to  discharge  direct   strokes. 

Keccnt  investigations  seem  to  confirm  that  lightning 
disturbances  may  lie  either  oscillatory  or  impulsive  in 
character  and  that  the  possible  frequency  of  discharge 
lies  Ix-tween  half-a-inillion  and  a  million  cycles  \ict 
second,  the  average  duration  of  a  direct  stroke  l>eing 
alKiut  2  X  10-''  second.  Several  discharges  generally 
follow  in  succession,  an<l  wh.it  ap)x>ars  to  the  eye  .as  a 
single  disihargc  usually  consists  of  three  to  seven,  and 
in  rare  instances  as  many  as  a  dozen. 

Accidental  earthing — <>n  overhead  systemi  an  arc 
to  earth  often  destroys  insulators  and  burns  off  portions 
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of  the  line,  while  on  cable  systems  the  arc  quickly  burns 
to  the  other  conductors,  thus  causing  a  short-circuit  ;  in 
addition,  the  rapid  make  and  break  of  the  arc  sets  up 
high-frequency  disturbances.  The  usual  location  of 
these  earths  is  at  an  insulator,  transformer  bushing, 
transformer  or  generator  end-coil,  or  a  cable  joint. 
An  earth  occurring  on  one  phase  of  an  isolated  neutral 
system  when  the  voltage  is  a  maximum  (i.e.  at  the  wave- 
peak  potential)  produces  a  maximum  momentary  rise 
of  about  I  •  58  times  the  line  or  2-7  times  the  star 
potential,  the  surge  current  in  an  overhead  system  being 
limited  to  the  capacity  current  of  the  system  as  the  return 
is  over  the  electrostatic  capacity  of  the  other  lines. 
The  danger  is  reduced  in  the  higher-voltage  systems  as 
the  capacity  to  earth  is  greater,  due  to  the  increased 
height  of  the  line,  and  the  higher  capacity  also  tends  to 
keep  the  frequency  of  the  disturbance  below  those 
frequencies  which  are  liable  to  cause  resonance. 

An  arc  following  the  flash-over  on  an  earthed  neutral 
system  constitutes  a  short-circuit  and  is  thus  less  liable 
to  become  oscillatory  ;  it  is,  however,  far  more  destruc- 
tive owing  to  the  practically  unlimited  power  behind  it. 
Resonance. — It  is  well  known  that  a  circuit  containing 
capacity  and  self-induction  has  a  natural  periodicity 
of  its  own,  and  if  the  frequency  of  supplj'  is  made  to 
coincide  with  the  natural  frequency  very  violent  oscilla- 
tions may  be  set  up  and  exceedingly  high  potentials 
reached.  The  magnitude  of  these  oscillations  is  limited 
by  the  "apparent"  resistance  (R)  of  the  circuit,  and 
if  this  be  comparatively  small  the  voltage  across  the 
capacitjf  (K)  or  self-induction  (L)  may  rise  to  approxi- 
mately p  l^/R  or  i/{p  K  R)  times  the  supply  pressure, 
where  p  =  2  v  X  frequency. 

The  most  general  cases  of  resonance  in  practice  occur 
with  long  unloaded  cables  connected  to  alternators  and, 
in  multiphase  svstems,  certain  combinations  of  trans- 
formers and  cables  may  exist  where,  during  switching 
or  an  open-circuiting  of  one  connection,  the  self- 
induction  of  the  transformers  may  be  in  series  with  the 
capacities  of  the  feeders.  Generally  resonance  of  the 
fundamental  and  lower  harmonics  is  very  rare,  but 
resonance  of  the  higher  harmonics  is  frequently  observed, 
causing,  however,  no  dangerous  pressure-rises  owing 
to  the  amplitudes  of  these  higher  harmonics  being  small. 
Switching  effects,  reflected  waves,  etc. — Oscillograph 
records  show  that  the  danger  of  the  disturbances  pro- 
duced by  switching  lies  more  in  the  high-frequency 
nature  of  the  oscillations  producing  steep  wave-fronts 
than  in  the  extent  of  the  over-voltage  itself.  Further, 
the  disturbances  on  high-tension  systems  fed  by  trans- 
formers are  of  minimum  effect  when  the  circuits  are 
closed  on  the  low-tension  sides  of  the  transformers. 
This  method  of  switching  is  naturally  not  always  avail- 
able, and  the  consequent  closing  of  transmission-line 
circuits  by  high-tension  switching  often  produces  severe 
oscillations. 

~  Consider  the  case  of  an  unloaded  line  suddenly  switched 
on  to  the  high-tension  side  of  a  step-up  transformer  by 
closing  the  high-tension  switch.  The  line  capacity  is 
shunted  across  the  transformer  and  is  charged  through 
the  line  inductance  and  resistance.  The  severity  of  the 
disturbance  will  depend  upon  the  point  of  the  E.M.F. 
wave  at  which  the  switch  is  closed  ;    if  this  be  the  peak 


point,  full  voltage  is  applied  to  the  capacity  and  the 
maximum  effect  results.  Assuming  no  losses,  the 
potential  across  the  capacity,  i.e.  the  line,  reaches 
twice  normal  voltage. 

Again,  if  a  transformer  be  switched  on  at  the  end  of 
a  line,  high-tension  switching  is,  of  course,  essential. 
The  voltage  at  the  end  of  the  line  may  be  10  to  20  per 
cent  above  normal,  and  when  suddenly  applied  an  ex- 
change of  stored  energy  and  a  rush  of  magnetizing 
current  take  place,  accompanied  by  a  sudden  rise  of 
potential.  Similarly,  on  breaking  circuits  the  inter- 
change between  electrostatic  and  electromagnetic  energy 
produces  more  or  less  dangerous  oscillations. 

The  concentration  of  voltage  on  the  end  turns  of 
transformers  and  generators  at  the  instant  of  switching 
is  the  cause  of  many  failures.  The  effect  is  often  accen- 
tuated by  arcing  and  vibration  of  switch  contacts, 
thereby  setting  up  high-frequency  oscillations  in  the 
transformer  and  generator  leads. 

Another  dangerous  effect  is  the  building  up  of  potential 
at  the  far  end  of  a  transmission  line  on  open  circuit  by  the 
action  of  reflected  waves.  When  the  travelling  waves 
reach  the  end  of  the  line  both  the  surge  current  and 
voltage  (e)  are  reflected  back,  the  reflected  voltage  wave 
having  the  same  direction  as  the  incident  wave,  thus 
increasing  the  amplitude  momentarily  to  2  e  ;  the 
reflected  current  wave,  however,  is  opposite  in  direc- 
tion to  the  incident  wave  of  current  so  that  the  amplitude 
is  not  increased. 

Continuous  induction. — A  telephone  line  situated 
under  a  high-tension  transmission  line  is  continuously 
subjected  to  potential  strains  through  both  electro- 
magnetic and  electrostatic  induction.  If  an  earth 
occur  on  one  phase  of  the  transmission  line  the  severe 
induced  voltage  in  the  telephone  line  may  cause  con- 
siderable daniage. 

On  multi-phase  unearthed-neutral  systems  an  earth 
on  the  high-tension  side  of  a  transformer  may  induce 
very  high  potentials  in  low-tension  windings  unless  the 
latter  are  earthed  or  connected  to  an  electrostatic 
capacity  of  much  greater  value  than  that  between  the 
high-tension  and  low-tension  windings. 

Dynamic  current  surges. — Finally,  the  effects  of  short- 
circuits  and  current-surges  generally  result  in  excessive 
mechanical  strains  and  overheating  in  the  apparatus, 
and  may  cause  interruptions  of  service.  Such  effects 
are  often  accompanied  by  abnormal  potential  dis- 
turbances, some  well-known  examples  of  which  are  given 
in  the  following. 

When  a  heavy  current  arc  "  explodes,"  the  sudden 
cessation  of  current  produces  an  electromagnetic  "kick  " 
which  raises  the  potential  to  an  abnormal  value.  A 
short-circuit  on  one  phase  of  a  multi-phase  generator 
or  transformer  causes  a  distortion  and  sudden  increase 
of  the  flux  threading  the  other  phases,  with  the  result 
that  excessive  potentials  may  be  reached,  especially  on 
no  load. 

The  Aluminium  Electrolytic  Arrester. 

T/ie  function  of  a  lightningarrester. — Lightning  arresters 

are  primarily  designed  to  protect  electrical  systems  from 

potential    surges    and    lightning    disturbances.      When 

brought  into  operation  they  should  afford  a  discharge 
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path  to  earth  of  lower  resistance  than  that  offered  by  the 
insulation  of  the  line  and  apparatus  connected  to  it ; 
at  the  same  time,  they  must  be  capable  of  holding  back 
the  line  voltage  and  of  suppressing  or  interrupting  the 
arc  following  a  discharge.  The  requirements  are 
therefore  somewhat  conflicting. 

There  is  no  doubt  that  many  engineers  unreasonably 
expect  lightning  arresters  to  f)crfomi  many  functions  for 
which  tliey  are  not  designed.  An  arrester  is  not  a 
universal  protection  against  every  kind  of  interruption 
and  disturbance.  For  instance,  an  arrester  located  at 
the  station  is  not  designed  to  protect  insulators  on  the 
line  from  a  direct  lightning  stroke  ;  also  there  arc  certain 
low-potential  surges  and  accidents  due  to  faulty  manu- 
facture over  which  it  will  have  no  certain  control. 

I'rinctpUs  of  operation. — The  principles  of  operation  of 
the  aluminium  electrolytic  arrester  are  based  on  the 
properties  of  the  aluminium  cell,  comprising  two 
aluminium  plates  immersed  in  a  suitable  electrolyte. 
The  most  important  characteristic  of  the  cell  is  its 
"  critical  "  voltage  which  is  dependent  upon  the  pro- 
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-Volt-ampcic  charactcribtic  of  aluminium  cell  on 
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duction  of  a  film  of  aluminium  hydroxide  on  the  surface 
of  the  plates  by  subjecting  them  to  chemical  and  electro- 
chemical action.  Below  the  "  critical  "  voltage  the  film 
allows  only  an  exceedingly  small  current  to  flow,  but  at 
a  higher  voltage  the  current  is  limited  ultimately  only 
by  the  internal  resistance  of  the  electrolyte.  It  has, 
therefore,  a  valve  action  analogous  to  that  of  a  steam 
»afcty-valvc.  A  countless  number  of  these  minute 
iafcly-valvcs  are  distributed  over  the  plates  and  if  the 
pressure  rises  above  the  critical  voltage  a  discharge 
takes  place  uniformly  over  the  whole  surface  of  the 
film.  On  the  voltage  falling  below  the  critical  value  the 
film  will  re-establiah  its  property  of  resisting  the  pa.ssagc 
of  a  current.  Further,  the  thin  hydroxide  film  Ijctwcen 
the  aluminium  and  the  electrolyte  constitutes  an  clectro- 
»'•''  h  serves  as  an  ideal  jwth  for  high- 

fi. 

'  i  >tivc  experiments  have  l)ecn  carried 

oi.  with  various  electrolytes,  and  .some 

have    \trr\\  I'j'Tt tollable    because    they   attack 

tl»c  metal  c  •  when  the  ap|)aratu5  is  not  in  use, 

while  others  axe  unsatisfactory  because  the  structure 


and  composition  of  the  film  are  such  that  the  critical 
voltage  is  lower  than  desired.  If  the  cell  be  open- 
circuited  for  some  length  of  t  me  the  insulating  projxrty 
of  the  film  is  impairetl,  probably  due  to  the  dissolving 
action  of  the  electrolyte,  and  a  further  passage  of  current 
is  required  to  restore  its  insulating  properties. 

The  most  satisfactory  electrolyte  is  ammonium 
tetraborate,  which  is  formed  by  dissolving  boric  acid 
in  distilled  water  to  form  an  8  to  lo  per  cent  solution, 
which  is  then  mixed  with  an  excess  of  ammonia  solution 
containing  about  25  per  cent  ammonium  hydroxide,  the 
resulting  solution  being  evajxaratcd  over  a  water  bath  to 
dryness  until  all  the  ammonia  smell  has  di.sappearcd  ; 
the  result  is  the  most  stable  form  of  borate,  BjOij 
(NH.,)..      The  best  proportions  for  the  electrolyte  are 

10  %  ammonium  tetraborate, 

10  °'o  concentrated  glycerine,  C^HsOj. 

80  %  water, 

which  give  approximately  a  saturated  solution.  An 
addition  of  glycerine  still  further  reduces  the  action  of 
the  electrolyte  in  deteriorating  the  aluminium  plates. 
The  chemistry  of  the  subject  is  not  well  understood,  but 
the  glycerine  appears  to  react  in  some  manner,  as  the 
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solution  becomes  acid  and  must  be  neutralized  again  as 
before.  It  seems  probable  that  this  effect  is  due  to 
oxidation  on  the  part  of  glycerine  to  form  an  organic 
acid. 

CharacUrislics. — The  operation  of  the  aluminium 
cell  will  vary  somewhat  depending  on  whether  alternating 
or  direct  current  is  used.  With  alternating  current 
lx)th  half-waves  are  eflcctive,  one  half  on  one  plate  and 
one  half  on  the  other,  the  cell  acting  as  a  fairly  good 
condenser.  There  will  be  a  capacity  current,  as  well  as 
a  leakage  current  and  the  phase  of  this  current  will  be 
nearly  90"  ahead  of  the  voltage,  thus  representing  a 
low  power  factor.  With  direct  current  the  discharge 
occurs  only  in  one  direction  and  a  reversal  of  current 
dissolves  part  of  the  film  and  renders  it  inactive. 

Figs,  t  and  3  show  the  volt-ain|>ere  characteristics 
of  the  cell  on  direct  current  with  a  permanent  critical 
voltage  of  about  420,  the  data  of  I  ig.  3  being  taken  from 
oscillograph  records.  The  volt-ampere  characteristic 
on  alternating  current  is  shown  in  Fig.  2,  the  jiermancnt 
critical  voltage  l>eing  lietween  330  and  340  volts. 

Fig.  4  gives  characteristic  curves  of  capacity,  power 
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factor,  resistance,  etc.,  from  which  it  can  be  seen  that, 
when  discharging,  the  current  is  Hmited  only  by  the 
resistance  of  the  electrolyte,  which  is  very  low.  The 
thickness  of  the  film  is  comparable  with  the  wave- 
length of  light,  i.e.  of  the  order  of  40  to  80  millionths  of 
a  centimetre. 

Due  to  the  capacity  of  the  cells,  electrol)-tic  arresters 
on  alternating-current  systems  cannot  be  connected  per- 
manently to  the  line,  as  the  charging  current  would  heat 
up  the  electrolyte  ;  hence,  spark-gaps  set  at  a  slight 
increase  over  normal  voltage  are  employed  to  insulate 
the  arrester  from  the  line.  No  spark-gaps  are  used  on 
direct-current  systems,  as  the  normal  leakage  current  is 
exceedingly  small. 

It  must  be  pointed  out  that  increases  and  decreases 
above  and  below  line  voltage  will  tend  to  thicken  and 
diminish  the  film  respectively,  so  it  will  be  understood 
that  there  may  be  any  number  of  temporary  critical 
voltages  up  to  the  permanent  critical  voltage,  which  is 
the  value  at  which  the  film  cannot  thicken  further  for 
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Fig.  3.^ — Volt-ampere  characteristic  of  an  aluminium  cell  on 
direct  current,  showing  the  rate  of  discharge  ibove  the 
critical  film  voltage. 

any  increase  in  voltage  and  at  which  free  current 
discharge  takes  place.  The  number  of  cells,  therefore, 
for  a  circuit  of  given  voltage  is  so  chosen  that  the 
normal  alternating  voltage  per  cell  will  be  approximately 
300  volts,  i.e.  slightly  less  than  the  permanent  critical 
voltage.  On  direct-current  circuits  the  value  should 
be  about  350  to  370  volts  per  cell. 

The  hydroxide  film  on  the  surface  of  the  aluminiurn 
plates  is  made  up  of  two  parts,  that  next  to  the  metal 
being  hard  and  insoluble  and  acting  as  a  frame  for  the 
more  soluble  part,  which  is  probably  composed  of  gases 
in  a  liquid  form.  If  the  cell  be  allowed  to  remain  dis- 
connected from  the  circuit  there  is  a  gradual  dissolution 
of  the  soluble  part  of  the  film,  and  on  reconnection  to  the 
circuit  there  will  be  a  momentary  rush  of  current  to 
reform  this  dissolved  part  of  the  film.  The  magnitude 
of  this  current-rush  increases  as  the  inter\-als  of  dis- 
connection are  made  longer,  and  in  some  cases  it  may 
become  severe  enough  to  operate  the  oil  switches.  WTien 
the  period  of  disconnection,  however,  is  not  more  than 
a  day  the  film  dissolution  and  current  rush  are  negligible, 
so  that  it  is  only  necessan,'  to  provide  means  whereby 
the  cells  may  be  connected  to  the  line  for  a  few  seconds 
daily  to  ensure  preservation  of  proper  conditions.    With 
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direct-current  systems  the  arrester  is,  of  course,  per- 
manently connected  to  the  line. 

Consiniction  of  arresters. — Standard  aluminium  ar- 
resters are  manufactured  for  all  alternating-current 
sj'stems  above  1,000  volts  and,  at  present,  for  direct- 
current  circuits  up  to  2,400  volts.  As  most  trans- 
mission lines  are  worked  with  three-phase  alternating 
current  the  following  description  practically  only 
deals  with  arresters  for  three-phase  circuits,  those  for 
single  and  two-phase  systems  differing  only  in  the  num- 
ber of  units  and  connections.  The  construction  varies 
somewhat  depending  on  the  normal  voltage,  on  whether 
the  system  has  isolated  or  earthed  neutral,  and  on  the 
location  and  arrangement  of  the  station. 

In  the  commercial  arresters  the  plates  referred  to  under 
the  last  section  are  cone-shaped  trays  placed  one  above 
the  other  with  a  vertical  spacing  distance  of  about 
9/32  inch  for  voltages  up  to  and  including  27,000  volts, 
and  27/64  inch  for  circuits  above  this  voltage,  the  traj's 
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Fig.  4. — Characteristics  of  aluminium  cell  on  alternatirg 
current. 


being  insulated  from  each  other  except  fOr  the  elec- 
trolyte. The  traj-s  are  sometimes  insulated  by  fibre 
bushings,  the  whole  structure  being  kept  rigid  by  four 
equally  spaced  wooden  rods  passing  through  both  the 
flanges  of  the  trays  and  the  bushings.  Another  method 
is  to  use  four  porcelain  spacers  equally  distributed  round 
the  periphery  of  each  tray,  the  whole  stack  of  cells  being 
clamped  by  wooden  bolts  passing  through  special  guides 
to  prevent  lateral  movement. 

Each  tray  is  filled  with  a  measured  quantity  of  electro- 
lyte before  the  complete  unit  is  immersed  in  a  welded 
steel  tank  of  oil ;  the  electrolyte  being  of  greater  density 
than  the  oil,  remains  at  the  bottom  of  trays.  A  cylinder 
of  insulating  material  is  placed  between  the  cone-stack 
and  the  tank  to  eliminate  the  risk  of  side-sparking  and 
also  serves  to  promote  oil  circulation.  The  oil  improves 
the  insulation  between  the  trays,  prevents  evaporation 
of  the  electrolyte,  and  its  heat-absorbing  capacity 
permits  the  arrester  to  discharge  continuously  for  long 
periods  without  overheating. 

A  stack  of  cones  is  provided  for  each  phase,  and  for 
isolated  neutral  circuits  and  systems  earthed  through  a 
resistance  an  additional  stack  is  required  for  the  earth 
leg  (see  below).     Besides  the  tanks  and  trays  the  com- 
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pictc  arrester  also  compr  scs  a  supporting  structure  on 
which  arc  mounted  horn-gaps,  transfer  switch  (if 
neccssan,-),  charging  resistances  and  insulators. 

Arresters  for  alternating-current  circuits  up  to  7,000 
volts  and  for  direct-current  systems  have  all  trays 
mounted  in  one  tank,  but  above  this  voltage  each  stack 
of  trays  is  contained  in  a  separate  tank. 

The  horn-gaps  (one  for  each  phase)  sef>arating  the 
arrester  from  the  line  on  alternating-current  systems 
fulfil  a  three-fold  purpose  : — (i)  The  cells  are  prevented 
from  being  permanently  subjecte*!  to  the  normal  voltage, 
thus  eliminating  the  risk  of  overheating  ;  (2)  they  act 
as  isolating  switches  when  repairing  or  inspecting,  one 
horn  of  each  gap  being  pivoted  and  equipped  with 
operating  mechanism  for  the  purpose  ;  and  (3)  they 
ser\"e  as  connecting  switches  for  charging  and  testing. 

The  controlling  mechanism  for  operating  the  gaps 
generally  consists  of  a  rope  and  balance  weights  attached 
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I'lo.  5. — Diagrams  of  connections. 

to  three  movab'e  shafts  which  are  held  in  position  against 
a  latch  by  heavy  coiled  springs.  The  shafts  carry  the 
movable  sides  of  the  horns  which  arc  provuled  with 
metallic  projections  for  bridging  the  gaps  for  charging 
purpoM^.  The  latch  b'ock  is  adjustable  so  that  the 
gap  Hctting"*  can  l>e  changc^l  without  disconnecting  the 
arrester  from  (he  line  and  all  gaj^s  arc  ojK-rated  simul- 
taneously. I  he  rope  and  balance  weights  are  some- 
time* replaced  by  an  operating  lever  and  mechanism. 

Charging  resist&nces  which  limit  the  charging  current 
to  a  morlcratc  value,  modify  its  wave-form  so  that  the 
action  o(  c  barging  ha«  no  effect  on  any  resonant  part 
fjf  the  kvstcni  increa*o  the  life  of  the  trays  nnd  rlectro- 
•  yt''.   ••  ■"   l>etter  ojieration  of  the  arrester,  are 

now    I.  \'"\    hv    tnr.si    iiiitlionlies      A    nuvlified 

ty|>e   f.(    Y-'  ,    iiHc<|    with   arresters   having 

charging   r-  1   nmMstH  of  the  intro<liiction 

of  an  auxiliar>-  horn  mounteil  al>ovo,  and  infiiilatect  from, 
the  mam  horns  in  such  a  manner  a«  to  intercept  the  nrc 


if  it  rises  on  the  main  horns.     The  resistance  is  connected 

in  scries  with  the  auxiliary  gap,  which  is  slightly  smaller 
than  the  main  gap,  and  the  charging  current  is  main- 
tained nearly  uniform. 

The  action  of  the  modified  gap  is  as  follows  : — Light 
discharges  take  the  path  of  the  auxiliary  gap,  and  pass 
through  the  resistance  to  the  arrester.  If  the  discharge 
be  heavy  the  resistance  oficrs  sulficient  impedance  to 
cause  the  spark  to  jump  the  main  gap  and,  with  the 
cells  in  normal  condition,  the  arc  is  immediately  extin- 
guished without  any  flow  of  dynamic  current.  If  the 
cells  be  in  poor  condition  the  dynamic  current  may  follow 
the  discharge  across  the  main  gap  but  the  arc  will  rise 
and,  on'  reaching  the  auxiliary  horn,  be  suppressed 
through  the  resistance. 

Fig.  5  shows  the  arrangement  of  arresters  for  earthed 
and  isolated  neutral  three-phase  systems.  Briefly,  for 
thoroughly  earthed  systems  the  bases  of  the  three  stacks 
of  cones  are  connected  to  the  tanks  and  earthed  as  shown 
in  (a).  For  isolated  neutral  systems  the  arrangement  is 
as  depicted  in  ('/),  the  tanks  being  insulated  from  the 
earth  ;  the  necessity  for  the  earth  leg  is  evident.  With 
a  system  having  the  neutral  earthed  through  a  resistance 
of  sufficient  magnitude  to  prevent  instantaneous  opera- 
tion of  the  circuit  breakers  when  one  phase  becomes 
accidentally  earthed,  an  arrester  for  an  isolated  neutral 
system  should  lie  used. 

For  three-phase  networks  consisting  entirely  of 
cables  and  ojx-rating  with  an  isolated  neutral  the  con- 
nections should  be  as  shown  in  Fig.  5  (c),  the  bases  of 
the  three  stacks  of  cells  being  connected  to  the  tanks 
which  are  joined  together  by  a  multiplex  connection 
and  completely  insulated  from  earth. 

When  an  earth  leg  is  installed,  means  must  be  pro- 
vided for  charging  this  leg  to  the  same  value  as  those 
connected  directly  to  the  lines.  This  is  accomplished 
by  means  of  a  transfer  switch  capable  of  being  rotated 
through  180°.  In  charging,  the  gaps  are  bridged  twice, 
the  transfer  switch  being  reversed  between  the  two 
applications. 

The  construction  of  the  direct-current  aluminium 
arrester  is  very  similar  to  that  used  on  one  phase  of  a 
low-voltage  alternating-current  system  except  that  the 
horn  gap  is  not  use<l,  the  arrester  lieing  jxrmancntly 
connected  to  the  line.  The  direct-current  arrester  is 
ideal  from  the  stan<lix)int  of  protection,  as  dielectric 
spark  lag  is  eliminated  and,  by  its  direct  connection  to 
the  line,  all  surges  of  any  jKitcntial  and  frc<iuency  are 
abscjrbed  as  soon  as  they  reach  its  terminal 

Location  of  arresters. — It  is  obvious  that  arresters 
should  l>e  placed  as  near  as  possible  to  the  apparatus  to 
Ijc  protected  and  to  the  earth  connection.  They  shoulil 
not  be  cxi)Ose<l  to  excessive  temperature,  as  overheating 
causes  dissolution  of  the  films  ;  arresters  will  operate 
efficiently  at  tcmjieraturcs  up  to  no'' F..  and  for  short 
perio<ls  at  a  slightly  higher  temperature. 

The  iilenl  conditions  of  installation,  in  the  author's 
opinion,  are  to  locate  the  tanks  just  inside  the  station 
in  a  suitable  compartment,  with  the  horn  gajis,  transfer 
switch,  etc.,  outside  the  building,  necessitating,  of 
course,  bushings  through  the  wall  for  the  connections  ; 
but  much  depends  on  local  climatic  conditions  and  trans- 
mission-line terminal  arrangements.     Concrete  founda- 
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tions  for  the  tanks  are  desirable,  and  ample  clear- 
ance between  live  parts  and  surrounding  objects  is 
essential. 

Many  lightning  arrester  troubles  are  traceable  directly 
to  poor  earth  connections,  and  the  importance  of  this 
item  cannot  be  too  strongly  emphasized.  The  usual 
method  consists  in  earthing  the  arrester  to  a  large 
metal  plate  in  a  bed  of  carbon  at  a  depth  of  about  8  feet 
below  the  ground.  A  more  satisfactory  earth  may  be 
obtained  by  driving  into  the  soil  a  number  of  |  inch 
galvanized  iron  pipes  each  having  a  galvanized  point 
and  brass  connection  cap  at  the  other  end,  the  total 
length  being  8  to  lo  feet  with  about  6  inches  exposed. 
An  arrangement  of  seven  pipes  in  parallel  distributed 
round  the  station,  one  at  each  corner  of  an  imaginary 
regular  hexagon  and  one  at  the  centre,  constitutes  an 
excellent  earth.  A  supplementary  earth  line  should 
invariably  be  connected  to  the  structural  steelwork  of 
the  station,  and  to  available  water  mains,  etc. 

In  selecting  protective  gear  for  transmission  lines,  both 
generating  and  substation  arresters  must  have  the  same 
rating,  no  allowance  being  made  for  line  drop,  as  it  is 
possible  for  the  substation  apparatus  to  be  subjected 
to  the  generating-station  voltage  when  the  load  is  light 
or  suddenly  cut  off. 

Placing  arresters  in  service  and  charging. — The  alumin- 
ium trays,  when  shipped  from  the  manufacturers,  have 
the  films  partially  formed  and,  after  erection  of  the 
stacks  of  cones,  it  is  necessary  to  test  each  cell  to  see 
that  it  has  been  filled  and  to  complete  the  formation  of 
the  film.  This  latter  is  done  by  connecting  250  to  300 
volts  (alternating)  to  each  cell  successively,  with  a 
lamp  resistance  in  series  to  limit  the  current  to  2  amperes 
while  testing.  The  lamps  may  first  show  bright,  but 
as  the  remainder  of  the  film  forms  they  will  gradually 
become  dim.  Absence  of  this  brightness  indicates  that 
the  film  is  already  formed  or  the  cell  has  not  been  filled 
with  electrolyte.  When  direct  current  is  used  the 
operation  must  be  repeated  so  that  the  voltage  is  applied 
to  each  cell  in  both  directions. 

It  is  advisable  to  set  the  horn-gaps  to  a  medium  value 
and  watch  the  performance  of  the  arrester  for  a  few 
weeks,  altering  the  setting  until  satisfactory  conditions 
are  obtained. 

When  connecting  arresters  to  the  line  for  the  first 
time,  which  should  be  done  as  soon  as  possible  after 
assembling  to  prevent  film  dissolution,  only  about  half 
the  normal  potential  should  be  applied  and  the  gaps 
bridged  for  a  few  seconds.    The  condition  of  the  cells  can 


only  be  determined  by  observing  the  colour  of  the  arc, 
the  normal  state  being  indicated  by  a  bluish,  crackling, 
static  spark  which  tends  to  die  out  and  does  not  rise 
much  on  the  horns.  A  flaring  reddish  power  arc,  a 
feeble  spark,  or  a  rumbling  sound  in  the  tanks  during 
charging  indicates  a  bad  state  of  the  cells.  It  must  be 
pointed  out  that  the  external  appearance  of  the  trays 
gives  no  guide  to  their  condition. 

The  daily  charging  period,  especially  with  charging 
resistances  present,  need  only  be  for  about  10  seconds, 
but  all  charging  should  be  done  when  the  line  voltage 
is  a  maximum,  as  the  working  critical  voltage  of  the 
arrester  is  the  voltage  at  which  it  was  charged. 

Auxiliaries. — Choke  coils,  when  used  in  conjunction 
with  arresters,  should  be  so  arranged  as  not  to  prevent 
surges  originating  in  the  transformers  from  passing  to 
the  arresters. 

A  charging-current  indicator,  consisting  of  an  ammeter 
mounted  on  a  plug  which  fits  into  automatically  closing 
jacks  on  the  tanks  should  be  provided  so  that  conditions, 
of  charging  may  be  accurately  known. 

A  discharge  recorder  should  be  installed  so  that  a 
continuous  record  of  arrester  discharges  is  available. 
This  recorder  consists  essentially  of  four  spark-gaps  so 
arranged  that  discharges  between  lines,  or  between 
lines  and  earth,  pass  through  them,  the  continuous^ 
record  being  obtained  by  means  of  punctures  in  a  moving 
roll  of  paper  rotated  by  clockwork.  The  size  of  the 
punctures  indicates  roughly  the  conditions  of  the 
arrester. 

Conclusion. — These  arresters  are  primarily  designed 
to  protect  station  apparatus  and  are  of  little  value  in 
protecting  transmission  lines  themselves,  but  to  a  certain 
extent  protection  is  aftorded  to  line  insulators  in  the 
case  of  travelling  waves  and  such-like  transients. 

The  status  of  the  aluminium  arrester  is  that  of  a 
protective  device  founded  on  the  sound  principle  of  the 
safety  valve.  It  is  no  different  from  other  standard 
apparatus  in  that  there  are  definite  limits  of  maximum 
current  discharge  rate  and  of  energy  absorption  beyond 
which  damage  to  the  arrester  will  result.  That  these 
limits  are  far  above  the  usual  demands  of  practice  is 
demonstrated  by  the  fact  the  arresters  are  capable  of 
being  discharged  continuously  for  half  an  hour.  It  is 
not  impossible  to  pass  these  limits,  but  it  must  be 
remembered  that  there  is  great  flexibility  to  meet 
special  conditions — film  surface  area,  gap  settings, 
internal  and  external  resistance  are  all  adjustable  to 
meet  any  unforeseen  demands. 
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By  A.  G.  Everett,  Student. 

{P-per  read  btfort  the  Students'  Section,  28  March,   ivi".) 


The  last  six  or  seven  years  have  seen  a  rapid  advance 
in  the  elcctrificatiun  of  railways,  more  so  in  America 
and  on  the  Continent  of  Europe  than  in  Great  Britain 
and  other  parts  of  the  world.  In  America  new  lines 
have  been  laid  down,  and  existing  ones  electrified  for 
both  passenger  and  freight  working.  In  England, 
however,  electrification  has  been  practically  confined 
to  Tube  railways.  The  great  iliflference  between  England 
and  America  is  tliat  England  is  covered  with  a  network 
of  railways  and  new  lines  are  rare,  while  in  America 
new  towns  arc  continually  springing  up,  so  that  electric 
railways  can  be  laid  down  from  the  start.  Also,  in 
Amenca  and  on  the  Continent  of  Europe  a  great  amount 
ol  water  power  is  available  for  use  in  power  stations, 
whereas  in  England  the  generators  must  be  driven  by 
steam  power  and  the  cost  of  generation  is  much  greater 
than  with  water  power. 

The  three  sj-stems  of  electrification  in  use  to-day 
are  : — 

(1)  Direct   current   at   600,    1,200,    1,500,   and    2,000 

volts. 

(2)  Single-phase  current  at  3,000,  6.000,   11.000,  and 

22,000  volts 

(3)  Three-phase  current  at  3,000  volts. 

In  America,  direct  current  is  used  with  a  third  rail 
on  al»ut  50  or  Co  railways,  the  voltage  commonly 
adopted  being  600,  although  1,200  volts  is  used  in 
several  cases.  In  Europe  there  are  from  30  to  40 
railwaj-s  using  direct-current  third-rail  s>-stems.  Out  of 
the  ab<»ve  railwa)**.  seven  are  on  the  three-wire  system, 
the  chief  case  in  England  being  the  City  &  South 
London   Railway. 

The  direct  current  u.scd  in  most  cases  is  generated 
a«  three  phase  current  at  Go,  35,  or  25  cycles  at  high 
voltage,  transformed  to  a  lower  voltage,  and  converted 
to  direct  current  by  rotary  converters.  Direct-current 
traction  is  alMi  employed  with  overhead  conductors,  but 
the  voltage  is  then  usually  2,000. 

The  three  phase  s>-8tem  w.is  hni  used  in  1895  on 
the  Lugano  Tramway,  and  its  first  application  to 
railway-*  was  on  the  Burgdorf-Thun  Kailway.  ojx-ncd 
for  traffic  in  l8</'y,  the  line  pressure  iH-ing  750  volts. 
In  subsoqurnt  insi.ill.itions  the  line  pressure  has  been 
rai»c1  to  3  ■  the  two  notable  examples  nf  this 

beinc    1h<-  >    line    and    the    line    through    the 

Si: 

■   ■"  ''"n  W.18  not  possible  for  some  lime, 
owing  ir,  fi..  of  obtaining  a  satisfactory  motor. 

It  wa»  kn<'  '••"t  current  scries  motor  would 

run   with   f  I  rent   as   well   as   with   direct 

current,   but    ii.-    t  jimiip.al   iibjrrtions   to  it    were: 

(I)    the   heavy  tpaiking   aI    the   commutator;     (2)   the 


very  low  power  factor  and  large  wattless  current  due 
to  the  windings,  large  air-gap  and  magnetic  leakage. 

The  first  actual  commercial  example  of  single- 
phase  traction  was  operated  by  compensated  repulsion 
motors,  and  was  on  the  Stubaithal  line  near  Inns- 
bruck. Single-phase  traction  is  used  on  the  London, 
Brighton  &  South  Coast  Railway  and  on  the  Midland 
Railway  in  tingland,  and  on  manv  American  lines. 

Since  the  commencement  of  electric  traction  the 
line  pressure  has  risen  from  100  volts  to  2,000  volts 
(d.c),  and  also  to  50,000  volts  single-phase.  Electric 
locomotives  have  incrctiscd  their  hauling  capacity 
from  50-100  tons  to  2,000-3.000  tons  with  freight  trains, 
and  to  900  tons  with  passenger  trains.  It  his  been 
found  that  it  will  pay  to  electrify  a  railroad  if  more 
than   15,000  tons  pass  in  one  direction  daily. 

[  AC.  AND  DC.  Systems. 

In  either  system  a  third  rail  may  be  used  and  the 
running  rails  employed  as  the  return,  or  an  overhead 
wire  substituted  for  the  third  rail.  There  is  also  a 
system  in  which  the  supply  is  obtivined  from  a  third 
rail  and  returns  by  another  insulated  rail. 

E.or  railway  work,  the  third  rail  seems  to  be  the 
favourite  system,  the  great  difficulty,  however,  being 
the  protection  of  the  live  rail.  The  most  satisfactory 
sj-stem  is  that  in  use  on  the  New  York  Central  Rail- 
road. Attempts  have  been  made  in  America,  and  also 
in  England,  to  standardize  the  third-rail  s>'Stem  so  as 
to  permit  of  through  running,  and  although  no  agree- 
ment has  yet  been  come  to,  it  is  probable  the  alxivc 
system  will  be  a<lopted.  In  railways  where  many 
cross-overs  occur,  such  as  t)utside  termini,  great  com- 
plication arises  owing  to  the  third  rail,  and  in  some 
railway's  so  great  has  this  complication  become  that 
an  overhca<l  wire  has  been  used  in  places.     This  jioint 

'   shows  the  disadvantage  of  third-rail  systems. 

[  When  the  maximum  drop  in  voltage  along  the  earthed 
return  must  not  exceed  7  volts,  a  fourth  insulate<l  rail 
becomes  necessary. 

For  small  railways,  such  as  the  Tubes,  a  third  rail 
may  Ix-  adopted,  but  for  main-line  systems  the  overhead 
cjinductor  should  he  uscil.  The  third  rail  is  also  a 
wMirce  of  danger  in  a  goods  yard  or  where  goods  traffic 

I   is  being  handled. 

Overhead  System. 

The  first  overhead  conductor  for  main-line  work  w,-v» 
that  onginallv  adoptrfl  by  the  Maltimore  Si  Uhm 
Kailroail,  now  »u|>en>rded  by  a  thinl  r.ul.  The  con- 
ductors  were   two   Z-sha|N>d   bars  weighing   30   lb.  |>cr 
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foot.  Wires  and  not  iron  bars  are  now  used  for  the 
overhead  conductor.  Copper  is  used  in  most  cases,  but 
steel  wire  is  used  on  the  New  York,  New  Haven  & 
Hartford  Railroad.  Aluminium  wire  has  been  largely 
used  lately,  owing  to  its  extreme  lightness.  For  high- 
tension  work  porcelain  insulators  must  be  employed, 
and  the  insulation  must  be  of  such  a  quality  as  to  keep 
its  insulating  properties  for  any  length  of  time  without 
showing  the  least  sign  of  deterioration.  Very  high 
mechanical  strength  is  also  required  in  suspension 
insulators  for  traction  work.  The  tensile  stress  of  good 
porcelain  is  lo  tons  per  square  inch.  Insulators  are 
tested  for  some  time,  at  least  30  minutes,  at  from  4  to 
10  times  their  working  pressure,  with  a  capacity  of 
at  least  20  k.v.a.  and  preferably  50  k.v.a.  in  the  testing 
transformer. 

For  overhead  work  the  following  three  conditions  are 
necessary  : — 

(i)   Practical  impossibility  of  mechanical  breakdown. 

(2)  Provision  must  be  made  as  far  as  possible  for 
avoiding  electrical  breakdowns,  and  construction 
must  be  such  as  to  enable  prompt  repairs  to 
be  executed  in  case  of  failure  of  any  part. 

{3)  The  svstem  must  be  sectioned,  so  that  a  failure 
will  only  affect  one  section,  leaving  the  rest  of 
the  system  in  proper  working  order. 

The  forms  of  construction  so  far  adapted  to  fulfil 
the  above  requirements  can  be  subdivided  into  two 
parts  :  (a)  single  catenary  construction  ;  (b)  double 
catenary  construction. 

Double  catenary  construction  has  been  adopted  on  a 
very  large  scale  in  America  in  connection  with  the 
New  York,  New  Haven  &  Hartford  Railroad  in  and 
around  New  York.  The  above  construction  is  also  in 
use  on  the  London,  Brighton  &  South  Coast  Railway. 

Single  catenary  construction  has  been  adopted  on  the 
railways  in  Sweden  and  Norway.  On  the  single-phase 
railway  between  Seebach  and  Wettingen  the  overhead 
conductors  are  so  sectionalized  that  they  are  inter- 
locked with  the  signals,  and  until  a  rail  is  made  clear 
by  the  signal  there  is  no  current  in  it. 

Overhead  construction  is  generally  used  with  alter- 
nating current  and  the  third  rail  with  direct  current. 
With  the  three-phase  overhead  system,  three  overhead 
conductors  could  be  used  instead  of  the  track  being 
employed  as  the  third  conductor.  An  attempt  has 
been  made  to  use  the  three  wires  vertically  above 
one  another.  This  was  carried  out  on  the  experimental 
line  in  Germanv  and,  so  far  as  I  have  been  able  to 
ascertain,  has  found  no  commercial  use.  It  is  my 
opinion  that  for  main-line  electrification  the  double- 
catenary  construction  will  be  used,  and  for  suburban 
systems  the  third  rail.  For  Unes  having  crossings,  and 
for  goods  yards,  the  overhead  system  is  essential,  but 
here  a  disadvantage  comes  in  owing  to  the  difficulty 
of  loading  wagons  by  means  of  cranes. 

The  current  is  collected  from  the  conductor  by  a 
metal  shoe  on  the  third  rail  system,  and  by  a  bow 
collector  for  the  overhead  system.  The  collector  strip 
on  the  bow  is  usually  of  aluminium  alloy  and  thus 
takes  the  wear  rather  than  the  conductor.  The  average 
life  of  a  collector  is  20,000  miles. 


Advantages  of  Electric  Traction. 

Electric  motive  power  means  ample  draw-bar  pull 
and  high  speed.  At  present,  most  freight  trains  have 
electric  locomotives  to  haul  them,  but  tests  have  been 
made  with  the  multiple-unit  system  on  2,000-  to  3,000- 
ton  trains,  instead  of  with  locomotives,  and  in  the 
future  this  system  will  undoubtedly  take  the  place  of 
locomotives,  for  the  tractive  effort  is  more  evenly 
distributed  over  the  train. 

In  the  case  of  the  Manhattan  Railroad  of  New  York, 
formerly  from  the  point  of  earnings  one  of  the  largest 
steam  railroads  in  the  country,  steam  trains  could  haul 
at  the  most  only  4-  or  5-car  trains  at  11  to  12  miles 
per  hour.  The  railroad  was  elevated,  and  the  elevated 
structure  could  not  be  rebuilt  or  strengthened.  Electric 
power  was  introduced  in  1902  and  completed  in  1903. 
There  was  an  increase  of  33  per  cent  in  the  carrying 
capacity  of  the  road.  The  electric  trains  now  have 
6-  or  7-car  trains,  running  at  13-5  to  15  miles  per  hour, 
also  the  operating  expenses  dropped  10  per  cent  and 
the  traffic  lost  by  competition  was  regained.  Most 
other  railroads  adopting  electrification  have  had  similar 
experience  to  the  above  railwa)-. 

On  the  New  York  Subway  of  the  Interborough  Rapid 
Transit  Company,  on  a  four-track  road  66  trains  pass 
a  given  point  in  an  hour  in  each  direction.  Electro- 
pneumatic  brakes  can  stop  a  train  running  at  40  miles 
per  hour  in  a  distance  of  365  ft.  Each  lo-car  train  is 
equipped  with  motors  equal  to  3,200  h.p.,  or  more  than 
twice  the  horse-power  used  on  steam-hauled  trains. 
Steam  railroads  cannot  even  approach  these  results. 

The  simplicity  of  electric  traction  is  evident,  for  we 
have  the  eccentric  strap,  rocker  arm,  valve  gear,  re- 
ciprocating valves,  pistons,  piston  rods,  cranks  and 
unbalanced  driving  wheels  in  one  case  and  the  simple 
rotating  motor  in  the  other  case  Fewer  parts  reduce 
wear,  tear,  and  maintenance. 

Electric  traction  is  safer  than  steam  traction  in  many 
ways,  and  there  is  no  doubt  that  safety  appliances  will 
be  brought  in  the  future  to  such  a  state  of  perfection 
that  it  will  be  practicall}'  impossible  for  accidents  to 
happen,  no  matter  how  frequent  the  service.  With, 
electric  motors  we  do  not  get  track  pounding,  as  we  do 
with  steam  locomotives  due  to  the  reciprocating  parts 
of  the  engine.  Control  circuits  prevent  accidents,  also 
automatic  devices  are  already  installed  which  shut 
off  the  power  instantly  if  the  driver  removes  his  hand 
from  the  control  handle.  Tunnels  are  made  safer  with 
electric  power  ;  the  walls  are  whitewashed,  the  rails  are 
not  greasy  and  slippery  from  the  condensed  steam, 
smoke  and  gases  do  not  suffocate,  the  risk  of  fire  from 
sparks  is  decreased,  and  there  is  no  smoke  or  steam  to 
obscure  the  signals  and  track.  Electric  meters  are 
placed  in  the  driving  cab  and  indicate  the  horse-power 
supplied  to  the  motors,  and  a  glance  at  the  meter  shows 
how  the  train  is  accelerating. 

The  reliability  of  electric  traction  results  from  its 
simplicity.  Reliability  of  service  has  been  radically 
increased  by  electric  traction,  particularly  on  trunk 
lines  and  terminal  service. 

The  adoption  of  electric  traction  has  generally 
increased  the  gross  earning.'-,  and  in  America  the  suburban 
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lines  of  roost  railways  are  worked  by  electric  trains, 
securing  a  more  punctual  and  frequent  service  than 
with  steam  trains.  The  only  railways  which  use  electric 
power  extensively  in  this  country  for  suburban  services 
are  the  London.  Brighton  &  South  Coast  Railway, 
employing  the  6.6oo-volt  single-phase  overhead  system, 
and  the  London  &  South-Western  Railway  with  a 
6oo-volt  third-rail  system. 

The  railway  which  handles  the  heaviest  freight  and 
passenger  train  service  most  advantageously  will  find 
the  preference  given  to  it.  Electric  roads  up  to  the 
present  certainly  have  acquired  and  retained  traffic, 
and  as  time  goes  on  further  developments  will  take 
place.  Goods  traftic  is  handled  more  expeditiously  by 
«leciric  locomotives  than  by  steam ;  and  with  the 
heaviest  traffic,  and  on  grades,  this  traffic  is  neither 
bunched  nor  delayed,  because  with  ample  central- 
station  capacity  it  is  not  neccssan,"  to  reduce  the  loads 
or  the  speed.  Some  railways  liave  already  equipped 
Ireight  trains  with  electric  motors,  which  enable  larger 
loads  to  be  handled. 

The  present  mcthcKi  of  operation  with  steam  traction 
Calls  for  a  load  which  the  locomotive  can  just  drag  up 
the  ruling  grade.  The  locomotive  runs  at  6  to  12 
miles  per  hour,  delays  all  overtaking  and  opposing  traffic, 
and  during  40  per  cent  of  the  time  is  held  up  at  the 
sidings  to  avoid  other  traffic.  The  results  are  not 
only  a  waste  of  fuel,  high  maintenance  per  ton-mile, 
waste  of  time  and  labour,  but  also  a  loss  of  time  to 
other  trains,  inefficient  use  of  track,  procrastination  in 
freight  deliver^',  extra  investments,  car  and  locomotive 
shortage.  Moreover,  a  heavy  tonnage  per  train  ap]iears 
■on  the  office  accounts.  Another  advantage,  and 
probably  the  chief,  is  the  rapid  acceleration  of  electric 
trains,  which  allows  the  maximum  speed  required  for 
a  given  schedule  to  be  reduced,  with  a  consequent 
re<luction  in  the  amount  of  energy  which  has  to  be 
dissipate*!  by  the  brakes,  and  therefore  of  the  energy 
required  to  run  the  train.  On  the  Metrojiolitan  District 
Railway  a  speed  of  3  miles  per  hour  was  attained  in 
10  seconds,  while  in  the  experiments  carried  out  by 
the  General  Electric  Company  a  speed  of  30  miles 
per  hour  was  reached  in  the  same  time. 

Electric  trains  on  the  multiple-unit  system  have  the 
great  advantage  of  distnbutinK  the  weight  more  evenly 
over  the  track,  and  also  of  permitting  a  smaller  weight 
on  each  driving  axle  than  with  steam.  I-'or  the  same 
weight  on  the  driving  wheels  an  electric  motor  can 
exert  a  much  greater  tractive  eflort. 

The  cost  of  ofierating  electric  trains  is  also  reduced, 
for  only  one  driver  is  re<]uircd. 

An  example  of  the  increase  in  tr-iffic,  receipts,  etc., 
by  electnfication  is  shown  by  the  Mersey  Railway. 

Vuf  tipWKlitun  Kn«i|>it  Train  nilln  l'»Mrni{pr> 

>9««      ••     ^33.500         £38.327  »54.''72         3.7io,ooo 

1908      ..      iili.700         lii.i'n         403. '^W         SJ-'o.oo" 

On  the  North-Kiutern  Railway  as  a  result  of  electrifica- 
tion there  wan  an  iiurcase  of  17- 1  per  cent  in  the  gross 
earning*,  and  an  increase  of  23  per  tent  in  the  numltcr 
of  pa»»cnger»  (.iriied. 

Electric  Iwomfitivcs  arc  now  used  with  considerable 
success  00  many  railwayn,  the  first  to  adopt  them  being 


the  City  &  South  London  Railway,  and  they  are  still 
used  on  this  line,  the  armatures  being  wound  directly 
on  the  axle.  Instead  of  being  wound  directly  on  the 
axle  the  armature  can  be  wound  on  a  spider,  which  is 
spring-hung  from  the  axle  and  is  driven  by  some  form 
of  rigid  coupling. 

In  the  case  of  the  locomotive  constructed  for  the 
New  York  Central  Railroad  the  designers  claim  to  have 
secured  the  best  mechanical  features  of  the  high-speed 
steam  engine,  combined  with  the  enormous  power  and 
simplicity  in  control  of  the  electric  drive.  The  loco- 
motive has  four  driving  axles,  on  each  of  which  is 
mounted  the  armature  of  a  gearless  motor,  having  a 
normal  rating  of  550  h.p.  This  locomotive  was  more 
jxjwcrful  than  any  steam  locomotive  in  existence  at  the 
time. 

Geared  locomotives. — In  some  geared  locomotives  the 
motors  are  placed  higher  up  in  the  locomotive  than 
before,  and  also  the  centre  of  gravity  is  raised,  an 
imjx)rtant  jvaint  in  powerful  and  fast  locomotives. 
Locomotives  are  more  economical  to  maintain  than 
motor  coaches,  for  many  reasons,  such  as  facilities  for 
constant  supervision  of  motors  and  auxiliary  ap]>aratus. 
Gearless  locomotives  need  less  looking  after  than  geared 
ones. 

The  advantages  of  electric  over  steam  locomotives 
are  : — 

(i)  In  low-speed  hauhng. 

(2)  In  shunting,  savings  for  supplies,  lower  unit  fixed 

charges  and  repairs. 

(3)  High   speed,   supplies,   wages,   fixed   charges   and 

repairs.  The  small  increase  in  jwwer  (id  per 
cent)  for  greater  spce<l  is  in  marked  contrast  to 
the  165  jx;r  cent  in  coal  consumption  for  steam 
traction. 

(4)  Cessation  of  corrosive  action  on  metallic  structures. 

(5)  Electric  locomotives  can  run  as  etficiently  back- 

wards as  forwards,  which  is  not  the  case  in 
steam  locomotives. 

Enough  has  been  said  to  show  what  immense  advan- 
tages, princijxilly  of  an  economical  nature,  would  be 
gained  by  doing  away  with  steam  locomotives,  at  any 
rate  in  urban  areas.  I  think  that,  as  far  as  suburban 
areas  arc  conceriuvl.  all  trains,  main  line  as  well  as 
suburban,  must  eventually  be  operated  electrically, 
the  former  In-ing  ojierated  by  electric  locomotives,  and 
the  latter  by  motor-coach  trains. 

Comparison  of  D.C.  and  A.C.  Systems. 

In  all  canes  it  is  found  that  the  weight  of  an  a.C. 
motor  is  greater  for  a  given  output  than  that  of  a  d.c. 
motor,  and  also  the  weight  <>f  equipment  necessary  for 
an  a.C.  motor  is  greater.  With  single  ph.isc  the  total 
weight  jK-r  rate<l  horse  jxiwer  of  motor  equipment  is 
Si  t'7  lb,  compared  with  54  ^3  lb.  for  a  d.c.  motor. 
Where  there  is  so  l.irgr  a  dilierencc  aliea<ly  between 
diflerent  d  c.  machinery  as  nianuf.icliired  by  dillorent 
makers,  we  cannot  say  that  all  single-phase  equipment 
must  greatly  cxcee<l  the  eiiiiivalent  <l.c.  plant.  What  it 
really  amounts  to  is  that  d  c,  and  single-phase  motors 
conjiidercd  by  themselves  differ  so  httic  in  weight  tliat 
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any  difference  which  may  exist  is  unimportant  from 
the  user's  point  of  \'iew.  Single-phase  equipment 
necessitates  transformers,  but  on  the  other  hand, 
owing  to  the  practical  absence  of  resistances  and  sim- 
plicity of  speed  regulation,  the  weight  of  speed-con- 
trolling and  reversing  apparatus  is  much  smaller  than 
with  d.c.  equipment. 

The  direct-current  motor  as  at  present  designed  may 
eventually  work  at  pressures  up  to  4,000  volts,  but  in 
future  the  voltage  will  be  at  the  lowest  20,000.  bv  reason 
of  the  transmission  economy  ;  and  as  high  voltages  only 
can  be  used  for  main-line  electrification  it  seems  to  me 
that  d.c.  traction  \\ill  only  be  used  for  small  railways 
such  as  Tube  railways.  For  main-line  work  the  single- 
phase  system  seems  to  be  the  most  suitable,  although 
the  cost  and  size  of  the  motors  for  the  same  output  is 
greater  than  for  d.c.  motors  ;  but  what  is  lost  in  this 
respect  can  be  made  up  for  by  using  high  Une  pressures. 
One  thing,  however,  we  must  not  forget,  namely,  the 
higher  the  line  pressure,  the  greater  the  difficulty  of 
insulation  becomes.  Safety  is  also  another  thing  that 
must  be  considered. 

In  1913,  out  of  2i  of  the  principal  railways  in  the 
world,  15  were  using  single-phase  current  at  13  and 
25  frequency  and  at  from  3,000  to  15,000  volts,  the 
present  tendency  being  to  employ  anj'thing  from  11,000 
to  22,000  volts  ;  and  six  railways  were  using  direct 
current  at  a  pressure  of  600  volts,  the  tendency, 
however,  iifw  being  to  adopt  1,200  volts. 

Under  ordinary  conditions  in  electrification,  economy 
demands  that  the  electrical  energy  be  generated  and 
transmitted  in  the  form  of  alternating  current.  For 
any  pressure  up  to  10,000  volts  there  is  no  reason  why 
the  current  should  not  be  generated  at  that  pressure, 
thus  doing  away  with  the  cost  of  transformers,  while 
for  higher  voltages  the  current  should  be  generated  at 
a  lower  pressure  and  step-up  transformers  used.  High 
pressures  on  the  working  conductors  are  absolutely 
necessary-,  and  pressures  below  6,000  volts  cannot  be 
used  successfully  on  long-distance  work.  The  London, 
Brighton  &  South  Coast  Railway  use  6,600  volts,  the 
New  York,  New  Haven  &  Hartford  Railroad  11,000 
volts,  the  Seebach-Wettingen  line  in  Switzerland  15,000 
volts,  and  the  Swedish  State  Railways  at  Stockholm 
20,000  volts. 

In  the  above  comparison  I  have  left  out  all  mention 
of  three-phase  traction.  The  ob\-ious  disadvantage  is 
that  two  overhead  conductors  are  necessary,  which 
must  be  fairly  near  together  to  allow  the  current  to 
be  collected.  This  condition  prevents  a  high  voltage 
being  used,  and  it  is  found  that  3,000  volts  is  the  limit 
between  the  conductors.  The  speed  control  of  three- 
phase  motors  can  be  effected  by  varying  the  resistance 
in  the  rotor  circuit,  which  is  wasteful.  Another  method 
which,  although  increasing  the  number  of  windings, 
has  given  good  results,  is  that  where  the  number  of 
poles  is  varied.  Messrs.  Brown,  Boveri  &  Company  have 
carried  this  out  successfully  in  the  case  of  the  Simplon 
locomoti\es,  the  motors  of  which  have  only  two  speeds, 
corresponding  to  30  and  60  miles  per  hour.  On  main 
Unes  only  two  combinations  of  poles  are  necessary, 
while  on  a  service  having  more  frequent  stops  more 
combinations  would  be  required. 


In  considering  three-phase  traction  we  must  note  : — 

(i)  There  is  no  possibiUty  of  making  up  lost  time 
outside  the  maximum  speed  fixed  by  sjm- 
chronism. 

(2)  Two  overhead  conductors  are  necessary. 

(3)  The   three-phase   motor   does   not   lend   itself   to 

high  starting  acceleration. 

The  advantage  of  three-phase  traction  over  single- 
phase  is  that  the  motors  weigh  about  63  lb.  per  horse- 
power, compared  with  82  lb.  in  single-phase  motors. 
Three-phase  traction  operating  at  3,000  volts,  with 
two  o%-erhead  contacts  and  only  two  speeds,  cannot, 
however,  compare  with  the  single  contact,  high  pressure, 
and  complete  range  of  speeds  obtained  with  single- 
phase  traction. 

Although  the  single-phase  system  has  the  great 
advantage  of  being  able  to  uie  up  to  20,000  volts 
on  the  conductor,  results  have  been  obtained  with  the 
3,000-volt  d.c.  overhead  system  which  are  worth  noting. 
The  system  to  be  described  is  the  only  system  in  the 
world  in  which  electrification  has  been  carried  out 
over  so  long  a  distance. 

The  Chicago,  Milwaukee  cS:  St.  Paul  Railroad  electrified 
their  mountain  division  first,  and  it  was  open  for  opera- 
tion nearly  a  year  ago.  The  entire  system  is  now 
electrified,  aggregating  some  440  miles  in  length.  In 
crossing  the  mountain  ranges  there  are  grades  of  i  per 
cent  and  above,  numerous  tunnels  and  difficult  curves. 
Up  to  the  present  time  the  results  of  the  electrification 
have  been  excellent.  It  has  been  found,  for  example, 
that  on  a  20-mile,  i  in  50  grade,  the  electric  locomotive 
can  reduce  the  running  time  of  passenger  trains  from 
65  minutes  to  40  minutes.  In  freight  service  where 
steam  locomotives  required  10  to  12  hours  to  travel 
115  miles,  electric  locomotives  take  from  7  to  8  hours. 
Trains  of  4,000  tons  have  been  hauled  by  a  single 
locomotive  on  grades  less  than  i  per  cent. 

Regeneration  on  the  descending  grade  reduces  the 
cost  of  operation  and  furnishes  a  solution  of  the  difficult 
braking  problem.  With  regenerative  braking,  the 
motors  become  generators,  which  absorb  the  energy 
of  the  descending  train  and  convert  it  into  electricity, 
thus  restricting  the  train  to  a  safe  speed  down  the 
grade,  and  at  the  same  time  returning  power  to  the 
line.  This  scheme  includes  the  generation  of  current 
from  se\eral  water  -  power  plants,  transmission  at 
100,000  volts  60  cycles,  conversion  in  substations  to 
3,000  volts  (d.c),  and  distribution  over  catenary  over- 
head construction  to  locomotives. 

There  are  42  main-hne  locomotives,  each  weighing 
2S2  tons  and  capable  of  a  starting  force  of  136,000  lb. 
They  are  the  first  to  be  used  for  railroad  service  with 
direct-current  motors  operating  at  a  potential  as  high 
as  3,000  volts,  and  the  first  to  use  d.c.  regeneration. 
The  passenger  locomotives  can  haul  an  800-ton  train 
at  60  miles  per  hour,  and  the  freight  locomotives  a 
2,500-ton  train  at  16  miles  per  hour.  Each  locomotive 
is  equipped  with  eight  500-volt  motors,  insulated  for 
3,000  volts  to  earth.  Fourteen  substations  are  equipped 
for  converting  the  100,000-volt  alternating  current 
to  3,000-volt  direct  current.  They  are  distributed 
along  the  route  at  average  intervals  of  32  miles.     Each 
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station  contains  transformers,  motor-generator  sets, 
switchboards,  and  the  necessarj'  controlling  and  switching 
equipment. 

AvTOMATic  Control. 

During  the  last  few  years  the  automatic  control  of 
trains  has  increased  considerably,  and  on  many  railways 
sign.ilmen  are  only  employe<l  at  terminal  stations  where 
points  have  to  be  changed,  for  on  the  rest  of  the  line 
the  signalling  is  carried  out  by  the  trains  them. elves. 
The  signal  at  the  commencement  of  the  section  is  at 
danger  as  long  as  the  train  is  on  that  section,  and  in 
all  cases  an  overlay  of  200  or  300  yards  is  allowed,  so 
that  the  line  is  not  clear  until  the  train  has  travelled 
200  yards  of  the  next  section.  As  already  stated, 
arrangements  have  been  made  so  that  the  train  cntenng 
one  section  of  a  line  automatically  cuts  off  the  current 
in  the  section  l»ehind,  thus  preventing  any  possible 
chance  of  one  train  running  into  another. 

The  ■■  dead-man's  "  handle,  in  use  on  all  electric 
radways,  consists  of  a  button  on  the  controller  handle, 
so  arrangetl  that  the  current  is  cut  oflf  if  the  driver 
removes  his  hand,  and  in  some  cases  the  car  brake  is 
applie<1. 

The  doors  of  the  coaches  should  be  so  arranged  that 
they  can  only  be  opened  when  the  train  is  standing 
still,  and  locked  when  the  train  is  in  motion.  If  the 
train  is  forced  to  come  to  a  stanilstill  anywhere  but 
in  a  station,  a  device  should  he  installed  so  that  the 
driver  can  still  keep  the  doors  locked. 

Everj-thing  possible  must  be  done  to  prevent  accidents 
and  lo.ss  of  life,  liy  using  the  overhead  construction, 
less  danger  results  from  electrocution  than  with  the 
third  rail. 

Power  Stations. 

Where  power  stations  are  dependent  on  coal  and 
not  on  watfr  supply  they  should  Iw  situated  in  such  a 
position  that  a  goo<l  supply  of  coal  is  readily  obtainable. 
They  should  also  be  so  situated  that  the  sectionalizing 
of  the  conductors  can  be  carried  out  with  the  least 
possible  amount  of  cable.  For  d.c.  work  the  current  is 
generated  as  high-pressure  alternating  current  and 
transmitte<l  to  sulfations,  Ijcing  there  transformed 
down  and  converted  to  ilirect  current.  Substations 
incrca.se  the  capital  cost  of  electrification,  and  this  is 
one  of  the  reasons  why  a.c.  traction  has  come  to  the 
front  in  recent  years.  The  rotary  converter  in  the 
substation,  although  it  may  not  need  constant  watching, 
necdn  more  supervision,  thus  involving  many  timc&  the 
coat  in  wages,  tubricanU,  cleaning,  repairs,  etc.,  than 
docs  a  static  transformer.  Besides  the  substation  we 
have  three  losses  of  efficiency  ;  one  in  the  static  trans- 
former, one  in  the  motor  side  and  one  in  the  generator 
side  of  the  converter,  compared  with  the  single  loss  in 
the  »talic  transformer  used  for  alternating  current 
With  a(  trai  ticin  very  niiKh  higher  pressure  can  l>e 
u»c<l  than  with  i|  c.  nuitors,  and  thus  each  substation 
can  fee<l  a  longer  stretch  of  line. 

Tower   houses   used   for  supplying   electric    railways 


when  electrification  is  carried  out  on  a  large  scale  will 
certainly  not  have  a  smaller  unit  than  10,000  k.v.a., 
and  these  will  be  driven  by  turbines.  An  output  of, 
say,  50,000,000  units  per  annum,  allowing  2i  lb.  of 
coal  per  unit,  would  require  something  like  56,000 
tons  of  coal  per  year.  It  will  therefore  be  obvious  that 
although  theoretically  the  power  station  should  be  as 
close  to  the  centre  of  gravity  of  the  electrical  system  as 
possible,  by  far  the  most  important  items  to  be  con- 
sidered, outweighing  all  the  others  in  financial  value, 
are  plentiful  supplies  of  coal  and  condensing  water.  It 
is  essential  in  designing  a  jwwer  station  that,  while 
the  greatest  possible  simplicity  is  observed  in  its  lay- 
out and  in  the  plant  installed,  due  regard  must  be 
taken  to  ensure  ease  and  economy  in  operation  and 
maintenance.  Future  extensions  must  be  borne  in 
mind,  and  in  selecting  automatic  switches,  etc.,  car* 
must  be  taken  that  their  efficiency  is  high  and  cost  of 
maintenance  low. 

For  electric  traction  of  the  future  to  be  successful 
from  all  standpoints,  it  is  essential  that  very  large 
generating  stations  should  be  built,  and  so  built  as  to 
allow  of  further  extensions,  and  that  the  stations  should 
be  within  easy  access  of  water  and  a  plentiful  supply 
of  good  coal.  Single-phase  current  should  be  generated 
at  a  high  voltage,  say  22,000,  and  fed  to  the  line  at  this 
pressure,  as  has  already  been  done  on  the  Swedish 
State  Railways.  By  doing  this  the  cost  of  sulistations 
is  done  away  with,  and  a  higher  efficiency  is  obtained. 
The  above  plan  could  be  carried  out  in  America  and 
where  water  power  is  available,  but  in  Europe,  par- 
ticularly in  England,  it  will  be  difficult  to  do  so.  and 
this  is  one  of  the  things  that  will  hinder  electrification 
in  this  country. 

In  my  opinion,  the  single-phase  high-tension  overhead 
system  will  be  used  in  the  future  for  all  traction  other 
than  Tube  railways.  The  future  development  of  the 
single-phase  motor  will  increase  the  jxipularity  of  the 
system,  and  the  only  thing  that  will  retard  electrification 
in  this  country  will  be  lack  of  capital.  The  capital 
cost  of  electrification  is  heavy,  especially  for  existing 
steam  lines,  but  once  the  system  has  been  installed, 
the  facilities  it  oflcrs  to  travellers  will  Mmjily  repay 
the  railway  company. 

Of  course  the  ■system  adopted  by  a  railway  depends 
on  the  conditions,  but  in  future  some  standard  system 
should  be  adopted  so  that  the  trains  may  run  on  all 
lines.  The  singlc-i)ha.se  motor  can  run  on  direct  current 
as  well  as  on  alternating  current,  and  thus  these  two 
systems  could  be  connected  up.  Although  the  single- 
phase  system  has  rapidly  come  to  the  front,  the  direct- 
current  system  is  in  no  danger  of  being  done  away  with, 
as  the  examjile  of  the  Chicago,  Milwaukee  A  St.  I'aul 
Railroad  clearly  shows,  for  excellent  results  have  been 
i)l)taine<l  with  3,000-volt  direct  current.  Only  time 
will  show  which  system  will  l>c  used  in  the  future,  for 
as  yet  electric  traction  is  still  in  its  infancy  and.  altliough 
it  has  shown  that  steam  traction  will  be  su]iei-seiled, 
one  cannot  say  on  what  lines  electrification  will  bo 
carried  out. 
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By  R.  Gates,  Student. 

(Papir  read  before  the  Students'  Section,  28  February,   1918. ) 


This  paper  describes  methods  of  testing  some  of  the 
various  t\-pes  of  pjTometers  in  industrial  use,  the  methods 
of  test  to  be  such  as  could  be  reasonably  carried  out  in  the 
average  works  and  require  no  special  apparatus. 

Pj-rometers  naturally  fall  into  two  distinct  classes, 
requiring  quite  different  treatment.  The  first  to  be 
dealt  with  is  the  contact  type,  i.e.  where  some  part 
of  the  apparatus  is  at  the  temperature  being  measured. 
The  second  is  the  radiation  or  optical  tj^e  in  which  no 
part  reaches  a  high  temperature,  unless  it  be  a  lamp 
used  as  a  standard  for  comparison. 

Contact  Type. 

There  are  several  sources  of  error  which  cause  needless 
friction  between  pjTometer  makers  and  the  users,  and 
which  can  be  easily  avoided  by  the  most  ordinar}'  care 
in  testing.  Of  these,  one  of  the  chief  is  the  variation 
in  reading  obtained  by  a  pyrometer  or  thermometer 
due  to  the  depth  of  immersion  in  the  hot  material  of 
which  it  is  desired  to  measure  the  temperature. 

Testing  in  position. — Instruments  whose  temperature 
scale  is  sufficiently  low  to  permit  it,  are  often  tested 
against  mercury  thermometers.  Such  instruments  are 
not  infrequently  tested  in  position,  as  their  removal 
would  necessitate  shutting  down  the  plant  when  they 
are  in  use  in  steam  pipes  or  in  the  distillation  of  tar  or 
oils.  There  are  often  in  the  pipe  or  vessel  se\-eral 
pockets  for  the  insertion  of  a  pyrometer  stem  or 
couple  if  of  the  thermo-electric  type,  or  bulb  if  of  the 
resistance  type,  or  a  thermometer.  The  pjTometer 
stem  is  inserted  into  one  pocket  and  probably  reaches 
to  the  bottom,  whilst  the  thermometer  is  lowered  into 
another  just  far  enough  to  allow  a  reading  to  be  taken, 
which  may  mean  that  it  has  an  immersion  several  inches 
less  than  the  pyrometer  stem.  The  result  is  that  the 
pyrometer  reads  considerably  higher  than  the  mercury 
thermometer. 

Sometimes  the  pocket  in  which  the  thermometer  is 
inserted  is  of  most  unnecessarj-  thickness,  being  in  one 
case,  I  remember,  about  ij  in.  diameter  outside  and 
f  in.  inside.  The  pocket  was  further  provided  with  a 
large  nut  at  the  top  and  was  screwed  into  a  mass  of 
metal  forming  the  top  of  a  valve.  The  pocket  was  partly 
filled  with  oil.  A  mercurj-  thermometer  was  placed 
in  this  pocket  with  just  sufficient  immersion  to  allow 
readings  to  be  taken  ;  and  there  was  a  similar  pocket 
in  a  similar  vahe  a  foot  or  so  further  along  the  pipe. 
A  thermo-electric  pj-rometer  was  used  in  this  and  gave 
readings  about  30  degrees  C.  higher  than  the  thermo- 
meter, the  pyrometer  stem  touching  the  bottom  of  the 
pocket.  At  the  suggestion  of  the  pjTometer  supphers 
a  longer  thermometer  was  obtained  to  reach  the  bottom 
of  the  pocket,  i.e.  an  immersion  3  inches  greater  than 


The    long 
4   degrees 


with    the    thermometer    previously    used. 
thermometer   showed   a  reading   only   3    or 
lower  than  the  pjTometer. 

A  fairly  steep  temperature  gradient  is  established 
along  a  pocket  of  Vhe  above  dimensions,  due  to  conduc- 
tion, the  heat  being  dissipated  at  the  top  where  the 
pocket  is  exposed  to  the  air.  Moreover,  a  further 
source  of  error  may  arise  due  to  the  formation  of  strata 
of  different  temperatures  or  to  stagnation  of  the  fluid 
around  one  pocket  and  not  the  other,  causing  a  very 
considerable  difference  in  temperature  of  the  two 
pockets. 

An  article  entitled  "  Some  Sources  of  Error  in  Ther- 
mometry," setting  out  these  matters  at  more  length, 
appeared  in  the  Electrical  Review  of  29th  December, 
1916. 

Dismantled  for  testing. — For  low  temperatures,  where 
the  instrument  can  be  removed  at  \\-ill,  a  test  against 
a  mercury  thermometer  is  the  simplest  method  available. 
In  this  case  the  pjTometer  bulb  or  stem  and  the  ther- 
mometer should  be  close  together  in  the  fluid  in  which 
they  are  being  heated.  The  same  immersion  should 
be  given  to  each  and  care  should  be  taken  that  it  is 
sufficient  for  a  correct  reading  with  both  instruments. 
A  3  in.  immersion  should  be  used  for  a  gas-fiUed  ther- 
mometer and  is  enough  for  many  thermo-couple  instru- 
ments. The  fluid  should  be  well  stirred,  and  this  is 
particularly  necessary  when  using  a  heavy  oil.  Tests 
up  to  about  300°  C.  can  readily  be  made  by  this 
method. 

Testing  at  fixed  points. — When  making  tests  at  the 
boiUng  point  of  w-ater  it  is  quite  usual  to  boil  a  bucket 
of  water  and  insert  the  pyrometer  bulb  or  stem  in  the 
water.  In  many  cases  such  a  test  is  quite  suitable, 
and  it  is  seldom  that  an  error  of  as  much  as  i  per  cent 
wiU  occur.  For  closer  work,  the  part  of  the  instrument 
to  be  heated  should  be  immersed  in  the  steam  above 
the  boiUng  water. 

The  boihng  point  of  sulphur,  444-4°  C,  is  another 
point  which  is  extremely  useful,  and  is  very  satisfac- 
torily fixed.  Pyrometers  of  the  resistance  type  are 
frequentl)'  calibrated  and  tested  in  this  way,  the  bulb 
being  immersed  in  the  sulphur  vapour.  This  test 
hardlj'  comes  within  the  scope  of  this  paper  as  it  necessi- 
tates apparatus  not  readily  obtainable  in  most  works. 

A  tin,  with  good  joints  and  two  holes  through  the  Ud, 
one  for  the  bulb  and  the  other  for  the  escape  of  the 
sulphur  vapour,  is  not  a  success  although  it  looks  so 
simple.  The  sulphur  vapour  burns  on  escaping,  with 
very  unpleasant  results  ;  but  a.ny  person  hardy  enough 
to  go  through  with  such  a  test  will,  provided  a  sufficient 
immersion  of  the  bulb  be  secured,  obtain  quite  good 
results. 
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Ltad  and  salt  points. — The  tests  most  used  are  the 
freerc  points  of  various  metals  and  salts.  Two  points, 
those  of  lead  at  iij'C-  and  common  salt  at  800°  C, 
suffice  to  test  a  very  large  proportion  of  the  pyrometers 
of  the  contact  type  in  commercial  use.  In  fact,  with 
the  exception  of  instruments  such  as  are  required  for 
superheated  steam,  etc.,  which  are  tested  against  mer- 
cury- thermometers  in  oil,  it  is  a  very  rare  occurrence 
that  one  (or  both)  of  these  two  points  docs  not  suffice. 
I  have  seen  many  hundreds  of  instruments  tested  on 
these  two  points,  and  such  tests  are  quite  simple  and 
satisfactorA-.  A  crucible  or  iron  pot  of  lead  or  salt, 
as  the  case  may  be,  melted  in  a  forge  or  other  available 
lumace,  if  of  sufficient  size,  satisfies  the  requirements 
as  to  apparatus.  When  a  pyrometer  user  tests  his 
instrument  at  one  of  these  points  and  finds  that  it 
reads  low  (the  usual  complaint)  it  is  frequently  due  to 
an  insufficient  immersion  of  the  stem.  No  definite 
figure  can  be  stated,  as  it  varies  with  each  type  of  stem. 
The  depth  required  in  lead  is  considerably  less  than  that 
required  in  salt.  The  low  reading  is  due  to  the  con- 
duction of  heat  along  the  stem,  causing  the  tip  of  the 
thermo-couple  to  be  at  a  lower  temjjerature  than  that  at 
which  the  change  of  state  occurs. 

If  the  stem  be  of  the  type — much  favoured  now  among 
makers  of  base-metal  pyrometers  — with  a  Eureka 
or  constantan  wire  passing  down  the  centre  of.  and 
insulated  from,  a  steel  tube  and  welded  at  the  tip,  a 
depth  of  immersion  in  lead  equal  to  two  diameters 
ap[>ears  to  be  just  enough. 

In  a  test  which  I  made,  using  a  stem  of  the  type  men- 
tioned, with  an  external  diameter  of  |  inch,  the  electro- 
motive force  at  the  freeze  point  of  lead  was  17' 3  milli- 
volts at  I  inch  and  was  not  raised  by  an  increase  of 
immersion  to  7}  inches.  In  sail,  using  an  exactly 
similar  stem,  a  greater  immersion  was  found  to  be 
necessarj'.  With  I  in.  immersion,  40-3  millivolts  were 
generated  at  the  change  of  state  ;  with  2  inches  this  had 
increased  to  45-2  ;  at  2 J  inches  to  45-6.  and  at  3 J  inches 
to  45-0  millivolts,  i.e.  in  salt  a  depth  of  immersion  equal 
to  four  times  the  diameter  gives  satisfactory  results 
■with  this  type  of  stem.  It  is  ver>-  inadvisable,  however, 
to  work  to  the  hmit.  If  such  a  stem  were  immersed 
to  a  depth  <jf  four  times  its  diameter  when  the  salt  were 
molten.  It  would  Ix:  found  that  the  very  considerable 
shnnkage  of  the  salt  on  freeze  had  much  decreased  this 
depth.  1-or  the  reasons  stated  above,  it  is  obvious  that 
the  less  the  diameter  of  the  sheath  the  more  simple  the 
test  is.  Any  protecting  sheaths  generally  used  with 
the  instrument  should,  if  |K>ssiblc.  be  removed  for 
testing. 

Where  it  is  advisable  to  use  a  sheath  for  testing,  to 
avoid  contamination  it  should  have  an  internal  diameter 
only  a  little  greater  than  is  noess.iry  to  take  the  stem. 
Where  sut  h  a  sheath  is  us«?<l  it  is  the  outside  diameter 
uf  the  «licath  that  controls  the  immersion  required. 
and  not  the  ittrai  inside. 

A  test  made  with  a  stem  of  almut  |  in.  diameter 
externally,  anrl  a  pocket  of  }  in.  steam  barrel,  did  not 
■bow  any  drtinitr  )>auNr  at  the  lead  ]ioint,  although 
the   pocket    wa  •   I    7J    inches   in    the   Icail.       A 

very  apparent  p  mi  the  gradient  of  the  cooling 

curve  was  shown,  t>iil  it  wa»  spread  over  about  4  degrees 


C.  This,  taking  the  average  figure,  would  be  sufficiently 
accurate  for  most  industrial  work. 

Exactly  the  same  remarks  apply  to  salt  points  when 
the  stems  are  in  pockets.  Sutlicient  accuracy  is  assured 
for  inilustrial  work  with  a  length  of  the  stem  equal  to 
six  or  eight  times  its  diameter  to  l>e  at  a  uniform  tem- 
perature. I'or  a  salt  |X)int  this  ju<lgment  of  uniform 
temperature  may  be  made  by  eye. 

Copper  point. — The  copper  point  is  another  extremely 
u.seful  one  for  industrial  work.  It  presents,  however, 
difficulties  which  make  it  unsati.sfactory  for  use  in  un- 
technical  hands.  The  atmosphere  in  which  the  copjjer 
is  melted  and  cools  allccts  this  point  to  a  very  consider- 
able degree.  The  fixed  point  is  1.083'  C.  in  a  reducing 
atmosphere.  In  an  oxidizing  atmosphere  the  melting 
and  freeze  [xjint  may  l>e  lowere<l  to  1,005°,  i.e.  a  difference 
of  18  degrees  C.  but  the  probability  is  that  the  jxsint 
obtained  under  conditions  such  as  suggested  for  previous 
tests  is  somewhere  letween  the  two.  The  figuic  1.083° 
C.  is  often  stated  for  the  melting  jwint  of  graphite- 
covered  copper,  but  however  carefully  we  may  cover  the 
copper  with  graphite  during  the  test,  we  may  find  on 
examining  it  afterwards  that  it  has  oxidized  to  some 
extent,  due  probably  to  exposing  a  certain  amount  of 
its  surface  when  inserting  the  sttm  A  more  satis- 
factory method  for  works  use  is  to  allow  a  supply  of 
coal  gas,  without  any  air  supply,  to  bum  in  the  top  of 
the  crucible  just  above  the  surface  of  the  metal.  If 
this  flame  be  of  reasonable  size,  it  will  effectively  pro- 
tect the  copp>er  from  any  serious  oxidation. 

Another  method  of  testing  by  means  of  the  copper 
point  is  to  use  the  lower  temperature  in  the  oxidizing 
atmosphere.  Copper  wire,  of  a  leasonable  gauge 
depending  on  the  diameter  of  the  stem  (18  S.W.G.  is 
suitable  for  most  stems  in  common  use),  is  wound  over 
the  hot-junction  end  of  the  stem  for  about  a  couple  of 
inches,  two  layers  being  sufficient.  This  is  then  in- 
serted in  an  open-ended  electric  furnace  of  the  tube 
type,  heated  above  the  temperature  requireil  to  melt 
copper.  On  inserting  the  copper-covered  end  of  the 
stem  the  reading  of  the  indicator  will  steadily  rise  as 
the  stem  heats  up,  until  the  copjwr  starts  to  melt.  A 
pause  in  the  increase  will  indicate  when  this  occurs,  the 
pause  continuing  until  all  the  co|)i>cr  has  melted  from 
the  hot  junction.  The  rise  in  tcmjieratiire  will  then 
continue.  1  he  atmosphere  in  an  oi>en-enJc<l  electric 
furnace  is  sullicicntly  oxi<lizing  to  obtain  the  ligure 
1,065°  C.  J'  *  quartz  liner  is  in  use  in  the  electric 
furnace  it  should  be  removed  before  making  *uch  a 
test.  C"opjieroxi<le  is  absolutely  fatal  to  quartz.  Within 
the  last  week  I  found  copjier  oxide  to  l>e  equally  fatal 
to  alundiini. 

A  word  of  warning  to  anyone  unused  to  electric 
furnaces  for  such  testing  woiilil  not  l>e  out  of  place  here. 

'I  here  are  few  refractories  whi<.h,  either  immediately 
or  after  some  hours'  heating  at  leni|KTalurcs  of  800"  to 
1,000' C.  do  not  l>ecome.  to  some  extent,  electrical 
conductors.  Alundum  conducts  directly  it  is  heated 
to  a  red  heat,  and  cpiartz  will  do  so  after  several  hours 
at  1.000°  C.  Should  one  side  of  the  instrument  Iw 
eartheil  by  a  metal  case  or  lor  other  reason,  the  instru- 
ment may  get  almost  the  full  supply  voltage  across  it. 
Due   care   must  be  taken    to  avoid  such  an  occurrence 
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before  either  of  the  leads  from  the  stem  are  connected. 
In  other  cases  it  may  be  found  that  while  the  effect  is 
not  sufficient  to  damage  the  instrument  it  may  upset 
the  readings. 

It  is  a  wise  precaution  to  take  two  readings  immediately 
following  one  another,  one  with  the  power  switched  on 
to  the  furnace  and  the  other  with  it  switched  off.  If 
there  is  any  difference  in  the  readings  it  is  necessary 
either  to  make  the  tests  with  the  power  switched  off 
or  to  take  such  steps  as  will  effectively  stop  the  trouble. 

A  simple  experiment  with  an  electric  furnace  wdll 
illustrate  the  importance  of  obtaining  a  deep  insertion 
of  a  stem  in  a  position  where  it  relies  on  radiation  and 
convection  for  the  transference  of  heat  from  the  hot 
body  to  the  stem.  The  difference  in  the  readings  when 
comparing  two  stems  of  different  types  with  an  in- 
sufficient immersion  often  causes  much  trouble,  but  this 
may  easily  be  overcome,  once  it  is  known  to  exist,  by 
always  using  very  deep  immersion. 

Nickel  carbon  eutectic. — In  a  paper  recently  read 
before  the  Faraday  Society  on  "  Pyrometer  Standardiza- 
tion "  the  authors  suggested  a  new  freeze  point,  viz. 
that  of  a  eutectic  of  nickel  and  carbon,  the  temperature 
being  1,330°  C.  To  ascertain  the  suitability  of  such  a 
test  for  the  conditions  laid  down  as  the  basis  of  this 
paper,  a  test  was  made  in  such  a  manner  as  could  be 
carried  out  in  any  works  using  pyrometers.  A  quantity 
of  nickel,  in  this  case  about  2J  lb.,  was  melted  in  a  small 
Fletcher  Russell  furnace.  The  couple  used  was  of 
platinum  platinunr-iridium,  one  wire  being  covered 
with  a  small  quartz  tube,  and  the  couple  then  inserted 
in  another  quartz  tube  of  about  \  in.  external  diameter 
(if  a  larger  diameter  stem  were  used,  more  nickel  would  be 
required).  Platinum  and  platinum-iridium  couples  should 
not  be  used  at  these  temperatures;  quartz  sheaths  were 
also  found  unsatisfactory.  Readings  of  the  E.M.I'",  gene- 
rated and  the  cold  j  unction  were  taken  at  the  nickel  point. 
No  special  precautions  for  exact  cold-junction  tempera- 
ture control  were  taken.  The  elements  of  the  couple  were 
joined  to  the  copper  leads,  the  j  unctions  being  protected 
with  adhesive  tape  and  a  thermometer  being  fixed  in 
the  same  manner  to  indicate  the  temperature.  Borax 
was  used  to  keep  the  nickel  from  oxidizing.  Satis- 
factory results  being  obtained  for  this  point,  a  quantity 
of  fine  flake  graphite  was  added  to  the  molten  nickel 
and  the  mixture  kept  molten  for  about  an  hour,  graphite 
being  added  until  it  was  in  excess.  Several  freeze 
points  were  taken  with  this  material,  and  the  quart/ 
tubes  were  perfectly  satisfactory  at  this  temperature. 
The  couple  was  then  further  calibrated  at  the  salt  point. 
In  this  rough  and  ready  manner  the  several  points 
obtained  for  the  freeze  point  of  the  eutectic  were  between 
1,328°  and  1,332°  C.  The  precaution — an  excess  of 
graphite — which  the  authors  of  the  paper  say  is  neces- 
sary, was  of  course  taken. 

To  test  a  pyrometer  it  is  only  necessary  to  note  the 
temperature  at  which  the  pause  occurs  in  the  decreasing 
reading  of  the  instrument  when  the  mi.xture  freezes. 

The  nickel  point,  1,450°  C,  is  one  which  presents  some 
difficulties,  and  if  an  instrument  were  found  to  be 
accurate  up  to  1,330°  C.  it  is  unlikely  that  any  serious 
error,  except  a  mechanical  trouble  which  would  be 
detectable  in  other  ways,  would  occur  above  this  tem- 


perature.    Pyrometers    of    the    contact    type    are    not 
often  used  above  this  temperature. 

Numerous  other  metals  and  salts  are  quite  suitable 
for  this  work,  and  an  instrument  required  for  accurate 
work  over  a  wide  range  would  be  quite  sufficiently 
tested  by  the  use  of  ; — 

(i)  Boiling -water  point . .  ..  ..  ..      100°  C. 

(2)  Freeze  point  of  lead  .  .  .  .  .  .     327°  C. 

(3)  Ditto,  antimony 630°  C* 

(4)  Ditto,  salt      .  .  800°  C. 

(5)  Ditto,  copper  in  reducing  atmosphere      .  .  1,083°  C. 

(6)  Freeze  point  of  carbon-nickel  eutectic      .  .  1,330°  C. 

(7)  Ditto,  nickel  1,452°  C. 


W'hen  secondary  fixed  points  other  than  those  men- 
tioned are  used — and  there  are  numerous  ones  which 
give  satisfactory  results — information  as  to  the  tempera- 
ture should  be  sought  from  a  reliable  source. 

Testing  by  sentinels.—  Sometimes  it  is  thought  desir- 
able to  test  a  pyrometer  by  means  of  "  sentinels." 
Peculiar  results  are  sometimes  obtained  on  doing  so. 
When  checking  an  instrument  with  sentinels  or  similar 
pyrometers,  several  precautions  should  be  taken.  The 
sentinel  should  not  be  put  directly  on  the  floor  of  the 
furnace  ;  it  is  better  put  on  a  brick  or  some  such  material. 
Both  the  sentinel  and  th?  pvrometer  stem  should  be 
protected  against  direct  contact  with  the  flames.  Need- 
less to  say,  both  should  be  in  one  part  of  the  furnace 
and  not  just  as  near  one  another  as  it  is  most  convenient 
to  put  them. 

Several  other  points  may  require  attention. 

The  adjustment  of  the  cold-junction  temperature  is 
frequently  made  in  a  slipshod  manner,  a  thermometer 
being  attached  at  the  cold  junction  and  expected  to 
indicate  the  temperature  immediately.  It  is  always 
better  to  set  the  instrument  pointer  to  the  correct  cold- 
junction  temperature  when  the  stem  is  disconnected, 
than  to  make  an  allowance  after  making  the  test.  It  is 
also  preferable  to  test  instruments  with  the  indicators 
at  a  temperature  as  near  as  possible  to  that  at  which 
they  are  used.  This  is  especially  desirable  with  instru- 
ments having  a  high  temperature-sensitivity  coefficient. 

When  testing  a  pyrometer  with  a  rare-metal  couple, 
less  of  the  stem  will  most  probably  be  heated  than  when 
it  is  in  normal  use,  causing  it  to  read  higher  when  tested 
at  any  particular  temperature  than  it  would  for  the  same 
temperature  when  in  use.  This  is  due  to  the  high 
temperature-resistance  coefficient  of  the  rare  metal. 
The  coefficient  of  nichrome  being  extremely  small, 
this  error  is  not  sufficient  to  cause  any  trouble. 

The  immersion  of  one  half  of  a  3-ft.  stem  made  of 
nichrome  would  cause  an  error  of  10  degrees  at  1,000°  C. 
with  an  indicator  of  4-ohm  resistance,  but  the  same 
immersion  of  a  platinum  and  platinum-rhodium  stem 
would  cause  an  error  of  15  degrees  with  an  indicator 
of  100  ohms. 

Radi.\tiox  and  Optical  Pyrometers. 

Radiation  and  optical  pyrometers  are  not  open  to 
such  a  wide  range  of  simple  rests.  In  fact,  above  about 
1,200°  C.  direct  comparison  with  a  standard  instrument 

•  This  sometimes  exhibits  the  phenomenon  of  delayed  cooling.    The  maxi- 
mum point  of  the  rise  is  then  63-"  C. 
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calibrated  in  a  wcll-cqiiippcd  and  reliable  laborator>' 
13  the  only  methcKl  available  in  a  works.  In  conijjaring 
two  pyrometers  of  the  same  type  against  the  same 
hot  body,  it  is  unnecessary  to  obtain  "  black  body  " 
conditions. 

The  interior  of  a  hot  enclosure  kept  at  a  uniform 
temjierature  gives  true  black  Itody  radiations  through 
a  hole  in  its  side.  From  this  it  may  be  seen  that  the 
radiations  received  from  the  interior  of  a  furnace,  at 
an  equal  temjicrature  throughout,  obey  the  necessary 
conditions.  Such  are  therefore  obtained,  very  nearly, 
in  most  industrial  furnaces. 

\\  Ian  comp.aring  a  total  radiation  instrument  against 
an  optical  pyrometer,  black  body  conditions  should  be 
obtained.  True  black  body  conditions  are  not  actually 
obtained,  but  a  sufficiently  close  approximation  is  readily 
obtainable  for  the  accuracy  required  when  testing,  as 
dealt  with  in  this  paper. 

The  lantern  slide  shows  diagrammatically  a  cross- 
section  through  the  centre  of  a  furnace,  readily  con- 
structed, which  provides  conditions  sufliciently  near  to 
black  bcKly  for  most  purposes.  The  Salamander 
crucible,  8  inches  x  4  inches  diameter  internally, 
lias  a  rectangular  hole  cut  at  the  bottom  about 
l^  in.  wide  and  i  in.  long.  The  remainder  of  the 
furnace,  excluding  of  course  the  burner,  is  made  from 
firebricks  and  fireclay,  the  bricks  in  this  case  being 
arranged  so  that  it  is  only  necessary  to  cut  one  brick. 
The  burner  used  was  taken  from  a  small  Metcher  Russell 
crucible  furnace,  and  is  normally  supplied  with  gas  at 
about  1  in.  water  gauge  and  air  at  2  to  3  lb.  per  S(piare 
inch.  When  the  fas  remains  at  2  in.  pressure  a  tcmi)cra- 
ture  of  over  1.400-  C.  can  be  obtained  in  an  hour.  The 
maximum  temperature  obtainable  depends  to  some 
extent  on  the  inner  surface  of  the  crucible,  higher  tem- 
peratures being  obtained  as  the  carbon  burns  away  and 
the  surface  starts  to  fuse. 

Tlie  burner  is  so  arranged  at  the  front  of  the  furnace 
as  to  give  the  gases  a  hflical  flow  from  the  front  to  the 
Kick  of  the  crucible,  out  from  the  hole  at  the  back.  The 
flame  passing  across  the  outside  of  the  back  of  the 
crucible  keeps  it  at  a  temperature  so  nearly  that  of  the 
sides  that  often  no  clilfercnce  is  appreciable  to  the  eye 
at  the  lower  temperatures.  At  the  higher  temperature 
the  eye  is  dazzled  and  is  not  able  to  discern  small 
differences.  \Nhen  using  this  furnace  for  total  radiation 
pyrometers  the  burner  must  l>c  put  in  such  a  position 
that  it  docs  not  overlap  the  field  of  vision  of  the  pyro- 
meter. The  diameter  <>i  3  inches  allows  of  testing  any 
radiation  pyrometer  at  a  sufficient  distance  from  the 
furnace  to  avoid  damage  to  the  receiving  tube  by  heat. 
The  gaM-s  must  travel  from  the  front  to  the  back  of  the 
furnace  and  not  largely  extiaust  at  the  front,  as  may  be 
the  case  if  the  burner  is  not  properly  arranged,  intro- 

du' ! '  '•  ■<  ■■■■■T  of  funics  entering  the  receiving  tube. 

If  '  langer,  and  it  should  seem  unavoidable, 

a  ■;  '■  ■•  front  of  the  tul>c  will,  while 

no*  lary    of    the    test,    e(ti<  icntly 

pf'  '.jI/c.      i  if  of  water  vajMiur  only, 

ab  •  «jf  the  I  ■  iiergy,  caiiiiing  erroneous 

reailingi,    wlnlr    wmie    prcxluctii    of    combustion    may 
dania{(c  the  ii.irror. 

I-1ame«,   luminou*  or  otherwise,   in   front  of  the  hot 


body  on  which  the  tube  is  sighted  do  not  appreciably 
affect  the  readings  of  a  total  radiation  pyronu-ter  as 
water  vapour  does. 

This  furnace  is  equally  suitable  for  the  comparison 
of  optical  pyrometers,  except  that  luminous  Hamcs,  if 
present,  will  inlluence  the  result  owing  to  tluctuations 
in  their  luminosity  between  comparison  readings. 

RADIArlON     PVROMETRY    CORRECTIONS,    ASSUMLVG     EN- 
CLOSURE AT  Uniform  Temperature. 

True   Umpcrature  =  1.000°  C.     L  =  depth    of  enclosure, 
d  =  diameter  of  opening. 
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38 
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0-45 
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From  the  above  figures  it  will  be  seen  that  if  the 
temperature  of  this  furnace  be  uniform  at  1,000°  C.  the 
correction  necessary  for  departure  from  black  body 
conditions  is  only  about  o-6  degree  C,  a  correction 
which  one  can  well  afford  to  neglect. 

If  a  standard  instrument  be  not  available  for  com- 
parison the  most  satisfactory  way  of  getting  a  test  is 
to  send  the  instrument  to  the  makers  or  to  the  National 
Physical  Laboratory. 

For  temperatures  between  Soo°and  1,1 00° C, however, 
a  test  may  be  made  against  a  thermo-couple.  The 
thermo-couple  should  preferably  be  tested  at  a  temj->era- 
ture  close  to  that  at  which  it  is  desired  to  test,  or  at  which 
the  radiation  or  optical  instrument  will  generally  be 
used.  This  makes  the  chance  of  error  due  to  extrapola- 
tion small. 

The  salt  point  (800°  C.)  and  copper  point  (1,065°  o*" 

i    1,083°  C.,  depending   on   whether  in  an   oxidizing  or  a 

reducing  atmosphere)  give  two  figures  which  will  fix  the 

cahbration    of    the    thermo-couple    instrument.     If    a 

thermo-couple  not  generally  used  with  an  indicator   be 

I    chosen   for   this   work,   the   EM  F.   at   the  two   points 

[    mentioned    may   be   measured   by   a   millivoltmeter  or 

[    potentiometer  and  a  curve  plotted  connecting  E.M.F. 

and  temperature.     If  a  rare-met.1l  couple   be   uicd  an 

li  M.F.  of  the  order  of  10  milliv<ilts  will  be  obtained,  but 

with  a  base-metal  couple  an  E.M  F.  as  high  as  60  to  80 

millivolts    may    lie    generated.     In    plotting    the    curve 

j    between   the  two   jxiints  the  law 

Ix.g  E  =  A  log  /  n 

I    is  followed  for  the  r.ire-metal  couple,  but  a  linear  law 
'    may  be  assumed  for  the  l>ase-mct.il  couple. 

Sfinie  figures  were  published  last  autumn  in  several 
technical  papers  with  regard  to  base-metal  couples  of 
nichrcime  and  coiistantan  or  Furek.i  (a  couple  of  these 
two  wires  is  suitable  for  this  tost).  In  these  it  was 
mentioned  that  dinercnt  couples  of  the  same  batch  of 
wire  could  be  relied  on  to  1  degree  in  1,000"  C.  While 
this  was  true  of  wires  obtained  in  this  country  before 
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the  war,  and  possibly  in  America  at  present  (the  figures 
pubhshed  being  obtained  by  the  Bureau  of  Standards), 
differences  as  high  as  20  degrees  C.  are  now  obtained 
from  different  couples  cut  from  the  same  coil  of  wire. 
The  Eureka  is  the  faulty  member. 

Having  caUbrated  the  couple,  it  is  arranged  with  its 
hot  junction  just  in  front  of  some  more  or  less  plane 
surface,  in  a  furnace,  such  that  black  body  conditions 
are  obtained,  and  the  radiation  or  optical  pjTometer 
can  be  focused  on  to  the  surface  and  thermo-couple 
through  a  hole  in  the  wall  or  door  of  the  furnace. 

If  a  base-metal  couple  of  large  wires,  say  9  or  11 
S.W.G.,  is  used,  it  is  convenient  and  satisfactory  to  use 
them  bare,  but  spaced  a  little  apart,  an  inch  or  two  at 
the  hot  junction  end,  the  destruction  of  the  couple 
in  this  case  being  a  matter  of  little  moment.  Con- 
tamination of  the  elements,  due  to  the  burning  gases, 
is  quite  negligible.  Case-hardening  compounds  do, 
however,  contaminate  such  unprotected  couples  very 
seriously.  A  brick  in  a  muffle  furnace,  or  the  back  of 
the  crucible  in  the  furnace  prev-iously  described,  form 
verj'  suitable  surfaces  for  the  test.  The  furnace  is  run 
up  to  about  the  required  temperature  and  allowed  to 
become  uniform,  until  the  surface  and  the  couple  are 
at  one  temperature,  as  observed  by  being  of  uniform 
brightness,  and  readings  of  both  instruments  are  taken. 
This  is  often  most  satisfactorily  arranged  by  running  to 
a  higher  temperature  than  is  required  and  shutting  the 
furnace  dovvn.  Two  observers  are  then  an  advantage, 
so  that  simultaneous  readings  are  taken. 

By  this  method,  as  the  temperature  slowly  decreases. 


it  is  often  vquite  impossible,  when  observing  by  eye, 
to  discern  the  couple  against  its  background.  When 
such  is  the  case  the  difference  of  temperature  between 
the  surface  and  couple  is  very  small.  If  the  conditions 
are  closely  akin  to  blac'k  body  the  difference  would  not 
be  more  than  i  or  2  degrees.  This  method  is  not 
applicable  to  higher  temperatures,  due  to  the  difficulty 
in  obtaining  equal  temperatures  of  the  couple  and 
focusing  surface,  even  if  the  eye  were  not  dazzled  by  the 
brilliance  and  unable  to  do  the  required  matching. 

A  similar  test  may  be  carried  out  to  much  higher 
temperatures,  using  a  rare-metal  couple  and  an  electric 
tube  furnace,  if  such  be  available.  Temperatures  as 
high  as  1,600°  C.  could  be  reached.  With  most  total- 
radiation  instruments  the  size  of  electric  tube  furnace 
commonly  used  is  much  too  small  to  allow  the  neces- 
sary diameter  of  hot  surface  to  be  obtained.  Many 
optical  instruments  could,  however,  be  tested  with 
the  smallest  of  hot  bodies. 

To  carry  out  the  test  the  pyrometer  is  focused  on  one 
side  of  a  body  of  small  axial  length  ;  a  piece  of  sheet 
iron  is  quite  suitable,  as  a  very  near  approach  to  black 
body  radiation  would  be  obtained.  A  calibrated  rare- 
metal  couple  is  pushed  up  to  the  iron  from  the  other 
end  of  the  furnace  and  simultaneous  readings  of  both 
are  taken  after  the  furnace  has  reached  a  steady  tempera- 
ture, the  correction,  if  any,  being  found  from  these 
figures.  The  couple  must  be  protected  against  contami- 
nation by  iron  vapour.  This  test  is  described  in  more 
detail  in  a  Bulletin  of  the  Bureau  of  Standards  on 
"  Optical  Pyrometry." 
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MOULDED   INSULATING    COMPOSITIONS. 


By  K.  T.  Fleming,  Student. 


{Paper  read  before  the   North-Western  Stvdents'  Section,  at  Manchester,  5  February.   1919.) 


Electrical  enpinccring  work  may  be  divided  into  a 
great  number  of  heads,  and  one  of  the  most  important 
features  in  the  manufacturing  branch  is  the  insulation 
of  electrical  machines.  The  variety  of  materials 
employed  makes  the  subject  vcn,-  large,  and  it  is  only 
possible  to  deal  with  one  branch  at  a  time.  In  this 
paper  it  is  proposed  to  deal  with  the  moulded  class, 
i  e.  a  material  made  of  a  mixture  of  two  or  more  ingre- 
dients, moulded  in  various  shapes,  and  then  hardened 
by  the  action  of  heat. 

Early  Work. 

Until  about  10  years  ago  the  subject  of  moulded 
insulating  compounds  was  very  little  known,  and  it 
is  only  recently  tliat  the  subject  has  been  sufficiently 
mvcstigated  to  be  put  on  a  commercial  basis.  One  of 
the  most  important  and  widely  known  branches  of 
the  industry  is  Bakelitc  manufacture,  and  this,  or 
rather  synthetic  resin,  was  obtained  as  early  as  1872. 
Since  that  date  a  great  deal  of  research  work  has  been 
undertaken  and  to-day  the  subject  is  becoming  much 
lictter  known.  The  ver^•  great  difliculty  in  obtaining 
information  on  the  subject  is  due  to  the  fact  that  each 
manufacturer  keeps  his  own  process  ven,'  secret,  and 
only  a  general  idea  of  the  compositions  and  the  methods 
employed  in  moulding  can  be  given.  The  methods  of 
manufacture,  however,  cannot  var>'  a  great  deal  in  the 
essential  points,  and  it  is  only  in  details  that  there  are 
marked  differences. 

Moulded  insulating  m.iterials  liavc  to  withstand  very 
Rcverc  tests  in  u.sc,  such  as  dampness,  heat,  or  mechanical 
•tresses.  Very  few  compositions  are  able  to  fulfil  all 
conditions  and,  at  the  same  time,  keep  up  a  high  stan- 
dard of  dielectric  strength  ;  it  therefore  happens  that 
%'ery  often  one  quality  lias  to  be  sacrifice<l  in  order  to 
bring  out  another  to  any  marked  degree.  Take  the 
ca»c  of  heat-resisting  matenals,  and  more  particularly 
arc-prfKif  materials.  A  ver>'  high  jHTCcntage  of  the 
com;  '.s  of  asbestos  ;   this  gives  the  material 

Its    1  pirxlity,    but    at    the    .same    time    the 

•liclcctn'  h  products  is  vcri,-  p<«ir.     Every 

rloM  of  <  incry  and  a]>)>aratus  lias  vanotis 

dutiei  to  fulfil,  and  these  <lutie9  make  it  necessary  to    | 
place    the    finished   products  in   various  positions — for    ; 
example,  out  of  df>oni,  in  very  hot  place*,  down  mines, 
and    in    other    tr>'ing    situations,     ("onsequcnlly,    it    is 
imperative  that  the  component  parts  of  such  machinery, 
■  ''•  to  withstand  the  ageing  action  of 


liAilMAV  ami  t- 
example*  of  the  11 
do  not  abtorb  mouture. 


ts   are    very    good 
!Hj  materiaU  winch 


MouLDEn  CoMPOsiTioss  :  Raw  Materials. 

Moulded  compositions  consist  of  (1)  binders,  and 
(2)  fillers. 

Both  organic  and  inorganic  fillers  are  used  ;  for 
example,  organic  binders  for  insulating  purposes,  and 
inorganic  for  heat-resisting  properties. 

The  following  are  a  number  of  materials  wliich  have 
been  tried  in  connection  with  this  work  but,  for  \'arious 
reasons,  are  now  veni'  seldom  employed. 

Alkaline  silicates. — .\ttenipts  were  made  to  employ 
these  silicates  as  binders,  but  the  idea  has  now  been 
given  up  on  account  of  the  fact  that  moisture  had  the 
effect  of  softening  the  composition. 

Hydraulic  cement  (Water  mixed  with  asbestos  fibre). 
— The  chief  fault  was,  as  with  many  of  the  earlier 
compositions,  its  inabiUty  to  be  moulded  to  any 
complex  shap>es. 

Ox-blood  and  wood-pulp  composition. — This  material 
was  obtained  by  treating  the  blood  to  obtain  its  fibrine, 
which  was  dried,  powdered,  and  mixed  with  fillers. 
The  fact  that  this  material  is  not  so  readily  moulded 
or  as  chemically  stable  as  shellac,  has  made  it  rather 
unpopular. 

Casein,  chemically  treated  to  convert  it  into  a  hard 
substance,  has  been  used,  but  its  inability  to  withstand 
moisture  has  Umitcd  its  usefulness  from  an  electrical 
point  of  view. 

Sulphur  has  been  employed  as  a  binder,  but  the 
acids  resulting  from  oxidation  were  fatal  to  its  success. 

Papier  mdch/. — This  material  is  still  used  to  a  great 
extent,  being  sheets  of  s|x-cially  prepared  stiff  paper, 
which  stick  to  one  another  by  aid  of  glutinous  substances. 

Cabinetmaker's  glue  has  been  used  as  a  binder.  The 
products  are  generally  treated  with  formaldehyde, 
chromatcs,  or  other  chemical  agents,  to  render  the 
glue  waterprofif  and  chemically  stable.  No  process, 
however,  was  developed  which  would  accomplish  this 
on  animal  glue. 

Cellulose  and  celluloid  were  •  ex|>erimentc<1  upon  to 
rentier  them  less  intlamniable.  The  maten.ils  made 
had  great  success  in  many  branches  of  industry,  but 
were  no  use  from  the  electrical  point  of  view. 

Paraffin  and  vegetable  waxes  were  used  as  binders, 
but  the  failure  in  this  case  was  due  to  the  low  melting 
point  of  the  waxes. 

Sail  and  marble,  with  suitable  hinders,  are  still  used 
to  a  very  smalt  extent. 

Turf  has  also  attracted  attention.  The  poor  hcat- 
resisting  qualities  of  the  substance,  however,  have 
made  it  of  no  practical  use.  The  interest  in  turf  was 
due  to  its  low  cost  and  its  wide  distribution  of  fibrous 
structure. 
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Table  i  gives  a  list  of  all  the  most  important  materials 
which  are  employed  in  the  manufacture  of  moulded 
pieces.     Both  binding  and  filling  mediums  are  shown. 

Table   i. 

Raw  Materials  employed  in  the  Manufacture  of 
Moulded  Compositions. 


Asbestos 

Clay 

Mica 

Silica  and  its 

compounds    , 
Hydraulic  cement 
Alkaline  earths 
\'egetable  fibres 
Camphor 
Wood  pulp 
Cotton 

Formaldehj'de 


Hemp 

Flax 

Asphalt 

Shellac 

Rubber 

Phenol  carbolic 

acid 
Dammor  gum 
Resin 
Paraffin  wax 


Linseed  oil 

Chinese  wood 

Soya  bean  oil 

Poppy  seed  oil 

Rosin  oil 

Turpentine 

Benzine 

Alcohols 

Tar 

Pitch 


oil 


and  various  condensation  products. 


A  good  knowledge  of  the  properties  of  the  Jaw  material 
gives  the  key  to  the  use  to  which  the  final  product 
can  be  put.  Only  the  most  important  materials  will 
be  mentioned,  as  there  are  so  many  which  can  be 
employed. 

Asbestos. 

The  term  "  asbestos  "  is  one  which  is  very  freely 
and  loosely  used,  being  applied  to  a  great  number  of 
crj'stalline  minerals  having  a  fibrous  structure.  A 
great  number  of  these  so-called  samples  of  asbestos, 
however,  are  not  able  to  withstand  the  action  of  heat 
and  acids  to  the  same  degree  as  the  real  material. 
Chemically,  asbestos  is  a  silicate  of  magnesia. 

The  following  figures  show  the  results  of  analyses 
carried  out  on  three  samples  of  asbestos  and  give  a 
very  good  idea  of  the  type  of  material  employed  in  the 
manufacture  of  moulded  pieces. 


A 

B* 

c* 

Silica  (S^O^) 

.    38-8 

48-8 

54 

Magnesia  (MgO)     .  . 

■     42-4 

20 -o 

26-6 

Lime  (CaO) 

•      1-79 

lo-o 

5-8 

Ferrous  oxide  (FeO) 

.      i-6i  ( 

22  'O 

12-6 

Alumina  (Al^Oj)    .  . 

•      1-07  1 

Moisture  (H^O)      .  . 

•    14-33 

100 -8 

— 

loo-o 

99-0 

These  asbestos  materials  cannot  be  considered  to 
be  acid-proof,  as  even  weak  acids  or  alkalis  will  have 
some  action  on  many  forms  of  asbestos.  One  of  the 
most  noteworthy  characteristics  of  this  material  is 
its  power  of  absorbing  liquids.  The  property  may  be 
well  used  when  organic  binders  are  forced,  by  the  pres- 
sure of  moulding,  into  the  capillaries  of  the  asbestos, 
thus  making  almost  a  homogeneous  material.  On  the 
other  hand,  moisture  is  also  easily  absorbed,  which  is 
the  worst  point  about  products  of  this  nature. 

•  B  and  C  are  analyses  of  samples  of  asbestos  taken  from  a  moulded  article, 
and  may  contain  some  other  filler. 


Shellac. 

This  material  is  obtained  from  natural  sources.  It 
is  an  animal  product  discharged  from  the  bodies  of 
insects.  The  lac  is  produced  by  the  female  to  protect 
the  eggs.  Trees  are  covered  with  these  insects  and 
to  prepare  the  substance  known  as  shellac,  twigs  are 
broken  off  and  the  lac  removed  by  rollers.  The  crude 
substance  is  red  and  contains  from  60  to  70  per  cent 
of  resin.  When  taken  from  the  trees  the  substance  is 
known  as  stick-lac  ;  and  when  crushed  the  second 
product  is  known  as  seed-lac.  This  seed-lac  is  placed 
in  a  bag  and  warmed  in  front  of  a  charcoal  fire,  until 
the  material  melts  and  drops  through.  This  is  the 
final  product,  which  is  rolled  into  sheets  and  is  known 
as  shell-lac  or  shellac. 

The  material  comes  upon  the  market  under  the 
following  names  :  Stick-lac  ;  seed-lac  ;  shellac  ;  button 
lac  ;  garnet  lac. 

Rubber. 

This  substance  is  a  vegetable  product,  the  liquid 
caoutchouc,  or  crude  rubber,  exuding  from  notches 
made  in  trees.  For  commercial  purposes,  rubber  is 
usually  vulcanized  by  the  incorporation  of  sulphur. 
The  introduction  of  this  material  makes  the  rubber 
harder  and  the  use  for  which  the  final  product  is  intended 
has  to  be  taken  into  account. 

The  other  materials  mentioned  include  asphalt, 
tar,  pitch,  oil  and  formaldehyde  products.  The  former 
are  all  well  known  and  do  not  require  any  further  expla- 
nation ;  the  last  mentioned  will  be  dealt  with  later 
(see  BakeUte). 

Various  Types  of  Moulded  Compositions. 

The  various  types  of  moulded  compositions  may 
roughly  be  classified  as  follows  : — 

(A)  BakeUte. 

(B)  Moulded  rubber. 

(C)  Asbestos. 

(D)  Shellac. 

Each  class  is  better  suited  for  one  particular  type 
of  work  than  another,  and  Table  2  shows  the  most 
important  points. 

Table  2. 


Material 

Temperature-resisting 
Propel  ties 

Dielectric  Strength : 
VolU  per  mil 

Moisture  Absorptioo 

A 

B 
C 
D 

Stands    100°   to 

200°  C. 
Stands  to  100°  C. 

Stands  red  heat 

Stands  to  70°  C. 

(Medium)  200 

(High)  400 

(Low)  100 

(Medium)  250 
to  300 

Very  good 
Good 

Bad  (7  %) 

Medium     (be- 
tween A&B> 

The  above  classification  includes  only  four  types  of 
materials,  but  the  following  more  complete  list  is  given 
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by  Hemming.  This  docs  not  really  include  much 
more  llian  the  abbreviated  hst. 

(i)  Organic  hot  moulded  materials. 

(2)  Organic  cold  moulded  materials. 

(3)  Inorganic  cold  moulded  materials. 

(4)  Ceramics. 

(5)  Rubber  compounds. 

(6)  Organic  plastics. 

(7)  Sj-nthetic  resinous  products. 

(8)  Hardened  fibre  matenals. 

In  Hemming's  list,  classes  (i).  (2)  and  (3)  do  not  give 

n  regarding  the  component  parts  of  the 

:  i.il,  but  rather  the  method  of  manufacture. 

Class  4  (Ceramics)  is  a  vcr>'  important  branch  of 
moulded  insulation  work,  but  docs  not  come  within 
the  scope  of  this  paper,  porcelain,  slate  and  lava  products 
being  quite  distinct  from  any  of  the  substances  here 
considered. 

Of  organic  plastics  (class  6)  useful  for  insulating 
work,  celluloid  comes  first,  and  its  use  in  the  electrical 
industn,-  is  vcr>'  limited  on  account  of  its  verj'  poor 
heat-rr^istine  qualities  and  great  inllammability. 

C.'i  iiicts  may  be  placed  in  the  same  categors-. 

Altli  -c  materials  have  much  Ix-ttcr  heat-resisting 

qualities  than  celluloid,  yet  they  will  not  withstand 
moisture  to  any  great  extent.  The  uses  to  which  these 
materials  arc  mostly  put  are  in  the  manufacture  of 
ornamental  and  other  articles,  such  as  combs,  pipe 
stems,  buttons,  etc.,  and  the}*  can  be  made  in  almost 
any  colour. 

Hcmming's  class  (7)  corresponds  to  t>'iJe  {.\)  above, 
whilst  class  (8)  comes  outside  the  scope  of  this  paper. 

Bakelitb   awd   Synthetic    Resinous    Products. 

Type  {\)  materials  are  one  of  the  mf)st  im^jortant 
of  the  moulded  compositions,  and  the  method  of  their 
manufacture  should  be  clearly  understood.  Before 
these  products  had  been  discovered,  hot  moulded  organic 
substances  were  used  to  a  very  large  extent  in  their 
places,  but  they  were  not  entirely  satisfactory-,  their 
chief  fault  being  their  vcrj-  low  melting  jxiints,  shellac 
being  almost  universally  used  as  a  binder.  The  synthetic 
rc«inr>ii«  pr'idnrts.  or  phcnol-frirmaldchyde  products, 
•    ■  11  the  good  [xiints  which  the  cnrlicr 

ns  had,  but  also  have  a  much  higher 
mrlunf;  point  and  possess  very  gfxid  hcat-resistinK 
qualities  They  have,  however,  one  very  serious 
drawback,  namely  the  high  cost  of  production,  which 
hmits  their  use  in  all  places  except  where  absolutely 
nece«»ar>-.  Lately,  however,  some  makers  claim  to 
makr  tlicm  as  cheaply  as  other  j'la-stics. 

Thr  rr,,Kl  qualiti>-s  of  these  prcKliict.i  arc  due  to  the 
'  •.   which   is   a   synthetic   rcxin   formed    by 

'  .iction  of  phenol  on  formaldehyde,  heatcci 

'onditions.  The  rcaclicm  takr.s  plarr  in 
'•fa  cataljTit  which  is  u.<(ually  a  small 
ArtK.iint  of  allcAlinr  Kulnttancc.  The  rondrnsation  pro- 
<!u(.U  of  this  reaction  are  known  as  "  Ijakclitc  "  after 
thr  dio'ovcrcr,  l.H.  1..  H    Ricklnnd. 

Thc«c  products  may  I*  grouped  under  lhrr«  heads, 
known  a*  Ilakclitc  A,  Uakclitc  H,  and  ]).tkclitc  C. 


Bakehte  A  is  the  first  condensation  product,  and  is 
produced  by  getting  rid  of  most  of  the  moisture. 
Bakelitc  H,  the  intermediate  protluct,  is  a  higher  anhy- 
dride. The  final  product.  Bakelite  C,  is  a  ven.-  hard 
mass  which  may  be  prepared  in  either  an  opaque  or 
transparent  form.  This  substance  withstands  the 
action  of  most  chemicals,  except  boiling  sulphuric  acid 
(cone.)  and  boiling  nitric  acid  (cone),  which  destroy  it. 
It  can  stand  a  temperature  of  300°  C.  and  also  any 
machining,  but.  strictly  speaking,  this  material  is 
not  a  plastic  because  heat  will  no  longer  render  it 
soft. 

For  all  practical  uses,  the  A  product  is  used  as  the 
raw  material.  This  can  be  obtained  in  cither  sohd 
or  liquid  form,  and  in  the  case  of  moulded  compositions 
the  Bakelite  is  then  mixed  with  the  filler  which  is  going 
to  be  used.  In  some  cases  the  process  is  started  with 
Bakehte  B.  This  has  certain  advantages  which  will 
I    be  described  later. 

I  The  final  object  in  moulding  Bakelite  pieces  is  to 
obtain  a  piece  in  the  C  variety.  This  grade  not  being 
a  true  plastic,  the  moulding  has  to  be  done  in  the 
earlier  stages,  and  the  material  is  finally  converted  into 
grade  C  by  means  of  "  Bakerlizing." 

In  some  cases  the  material  is  changed   from  grade 
I    A  to  C  in  one  operation  ;   in  others,  first  from  A  to  B, 
I   and  then   the  piece  is  removed   from   the  mould  and 
I    the  process  of  converting  it  to  C  is  started.     To  obtain 
i   the   best   results  the   compounds  should   be   heated   at 
I   comparatively    high    temperatures    (for    this    t>-pe    of 
'    material  about  150-160°  C.)  under  mechanical  pressure, 
as   when  they  are    raised    above    100°  C.   under  atmo- 
spheric pressure  gases  are  evolved  which  force  themselves 
out  of  the  nias.s,   causing  it  to  become  spongy-.     This 
makes  the  final  product  practically  useless.     To  over- 
come this  trouble,  the  material  is  heated  under  sufficient 
pressure  to  counteract  the  action  of  the  gases. 

The  piece  of  apparatus  in  which  this  process  is 
carried  out  is  known  as  a  "  Bakerlizer."  This  consists 
of  an  oven  in  wliich  the  objects  are  placed,  having  a 
steam  jacket  and  fitted  with  a  pump  which  produces 
pressure  in  the  interior.  This  pressure  is  usually  about 
from  100  to  130  lb.  per  square  inch.  The  temperature 
of  the  inner  chamber  depends  vcr^•  much  ujxin  the 
filler  usc<l.  For  instance,  if  asbestos  is  used  to  mix 
with  the  Bakelite.  high  temperatures  may  be  reached 
without  any  detrimental  effect.  If,  however,  wood 
pulp  or  similar  materials  l>c  employed,  the  temperature 
of  "  Bakcrhzing  "  must  be  kei>t  lower,  in  order  not  to 
char  the  orpanic  filler.  I"or  mineral  fillers,  200°  C.  is 
a  ver>'  usual  working  temperature. 

Moulds  and  Dies. 

Moulds  and  djfs  play  a  vcrj'  important  part  in  the 
manufacture  of  moulded  compositions,  and  great  care 
shouhl  l>c  taken  in  desiRninK  these  pieces  of  aj^paratus, 
as  any  unnecessary"  conijilications  in  the  shajx"  of  the 
mould  make  matters  very  dilliculf.  In  the  first  place 
the  price  of  the  mould  is  greatly  increased  ami  there 
is  a  risk  of  the  Anal  pieces  not  being  well  moulded, 
since  any  intricate  j^rts  may  soon  wear  out  an  I  will 
cause  burrs  along  ^omr  of  the  edges.  When  these 
facts  arc  Ixirnc  in  n  ind  a  great  deal  of  trouble  to  both 
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the  manufacturer  and  the  consumer  can  be  saved. 
Another  point  against  the  use  of  compHcated  moulds 
and  dies  is  the  limit  which  they  set  to  the  choice  of 
material.  There  are  so  many  compositions  which  can 
be  moulded  into  simple  shapes,  but  when  the  finished 
article  has  such  items  as  holes,  irregular  surfaces,  etc., 
only  material  which  becomes  very  soft  or  liquids  can 
be  forced  into  the  interstices.  The  nature  of  the 
material  used  has  a  great  deal  to  do  with  the  length 
of  time  a  mould  will  last,  some  substances  wearing 
away  the  metal  at  a  much  greater  rate  than  others. 
WTien  the  dies  or  moulds  show  any  signs  of  wearing 
they  should  at  once  be  fitted  with  new  working 
parts,  always  in  lirst-class  steel.  Should  repairs  and 
attention  be  neglected  the  result  will  be  inaccurate 
pieces. 

In  moulding  these  materials  there  are  two  types  of 
mould  used  known  as  (i)  open  type,  and  (2)  closed 
type. 

The  open  type  consist  of  two  flat  pieces,  one  or  both 
being  recessed.  These  plates  come  together  and  press 
the  material  into  the  desired  shape,  and  there  is  alwaj-s 
a  groove  round  the  edges  of  these  moulds  into  which 
the  excess  of  the  material  is  squeezed.  In  operation 
the  die  is  heated  and  when  complete  the  whole  is  cooled 
and  the  piece  removed. 

The  closed  variety  consists  of  a  box  and  plunger. 
The  material  is  placed  in  the  box  and  the  plunger  is 
then  forced  down.  Usually  the  ilioulds  are  fitted  with 
two  plungers,  an  upper  and  lower  one,  the  bottom  one 
acting  as  an  ejector  when  the  operation  is  complete. 

JMetal  pieces  can  be  incorporated  in  the  moulds  and 
are  so  placed  as  to  enable  the  composition  to  get  a 
firm  hold. 

Testing  and  Properties  of  Materials. 

One  of  the  most  important  points  to  consider  in 
connection  with  moulded  compositions  is  the  Ufe  of 
the  product  and  all  the  various  requirements  which 
will  be  expected  of  it. 

The  class  of  moulded  insulation  which  most  nearly 
fulfils  all  conditions  is  the  "  ceramic  "  class,  with  which 
we  are  not  deaUng. 

Manufacturers  claim  various  quahties  which  their 
materials  possess,  and  it  is  very  necessary  for  the 
consumer  to  find  out  whether  the  samples  come  up  to 
the  makers'  claims.  There  .are  various  opinions  as 
to  how  these  materials  should  be  tested,  but  up  to  the 
present  in  this  country  no  standard  tests  have  been 
given,  although  leading  electrical  bodies  have  devoted 
a  great  deal  of  time  to  the  subject.  In  America,  a 
Committee  in  connection  with  the  Associated  Manufac- 
turers of  Electrical  Supplies  have  issued  a  bulletin 
which  gives  a  very  good  set  of  tests. 

The  number  of  tests  to  which  a  composition  may  be 
subjected  are  as  follows: — 

(a)  General  characteristics. 

(6)  Heat  tests. 

(c)  Dielectric  strength. 

{d]  Absorption  tests. 

{e)  Mechanical  properties. 

(/)  Effect  of  chemicals. 

Vol.  57. — Supple.mext. 


The  first  on  this  list  is  only  a  matter  of  close  inspection, 
to  discover  such  things  as  colour  and  what  method  has 
been  used  to  give  the  material  its  finish.  Very  often 
when  giving  the  material  its  preliminary  examination 
the  brittleness  and  hardness  are  ascertained  by  any 
simple  method  such  as  cutting  or  bending.  The  whole 
of  this  part  of  the  investigation  is  done  with  practically 
no  apparatus,  and  it  gives  an  idea  as  to  the  subsequent 
course  to  adopt,  more  than  anything  else. 

Heat  tests. — These  are  divided  into  a  number  of 
sub-heads,  such  as  softening  point,  flame  tests,  exposure 
to  heat  for  long  periods,  etc.  The  softening  point  of 
a  moulded  material  is  of  very  great  importance  and,  at 
present,  rather  crude  methods  are  employed  to  deter- 
mine it.  One  method,  used  very  frequent!}-,  is  to 
suspend  the  sample  in  a  beaker  of  water  and  then 
raise  the  temperature,  taking  care  to  squeeze  the  material 
every  few  moments,  until  it  slightly  yields  to  the 
pressure  ;  at  this  point  the  temperature  is  noted.  This 
test  is  very  approximate,  but  if  care  be  taken  the  results 
obtained  are  quite  useful  from  a  commercial  point  of 
view. 

In  the  standard  tests  set  out  by  the  American  .\sso- 
ciated  Manufacturers  of  Electrical  Products,  the  nearest 
approach  to  a  softening  point  determination  is  the 
test  for  distortion  under  heat.  This  test  requires  a 
special  piece  of  apparatus  which  consists  of  two  steel 
supports  upon  which  is  placed  the  test -piece.  These 
supports  are  100  mm.  apart,  with  the  load  applied 
vertically  and  m.idwav  between  them.  Various  weights 
can  be  placed  on  the  test-piece  5  J,  11  or  22  lb.  'ihe 
piece  undergoing  the  test  is  placed  in  an  air  bath 
surrounded  by  an  oil  bath,  the  temperature  of  which 
is  raised.  Thermometers  and  measuring  gauges  are 
included  in  the  apparatus,  and  the  distorting  point 
is  considered  to  be  the  temperature  at  which  the 
moulded  piece  has  deflected   10  mils  at  the  centre. 

Tests  are  also  carried  out  to  ascertain  if  the  material 
will  support  combustion  and  whether  it  will  burn  in  a 
flame  or  remain  inert.  These  tests  are  very  important 
when  the  material  is  going  to  be  used  as  arc  shields, 
or  in  any  position  where  it  is  Ukely  to  come  in  contact 
with  a  flame.  This  test  is  usually  carried  out  b}'  placing 
the  specimen  in  a  flame  and  observing  its  behaviour. 
The  worst  kind  of  material  for  arc  shields  and  the 
like  is  that  which  continues  to  burn  when  the 
source  of  ignition  has  been  removed.  INIaterial  which 
burns  only  when  the  flame  is  present  is  much  less 
dangerous. 

After  the  softening  point  and  flame  tests  have  been 
carried  out,  the  next  investigation  is  to  see  the  effect 
of  continual  heat  upon  the  specimen.  The  usual 
method  employed  is  to  place  the  sample  in  an  oven 
at  200°  C.  ;  after  a  few  minutes  the  specimen  should 
be  e.xamined  to  see  if  the  heat  for  such  a  short  period 
has  had  anj'  effect  and  also  in  what  way  the  material 
has  been  affected.  After  this  preliminary  examination, 
the  material  is  replaced  in  the  oven  and  again  examined 
at  the  end  of  one  hour.  After  this  period,  the  sample 
should  be  looked  at  every  few  hours  until  the  total 
time  of  heating  has  reached  24  hours.  If  a  sample 
becomes  very  plastic  or  badly  defaced  it  is  quite 
unnecessary  to  continue  the  test  for  such  a  length  of 
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time ;  in  fact  vcn-  few  classes  of  materials,  with  the 
exception  of  some  phenol-formaldehyde  protlucts,  will 
be  able  to  stand  up  to  this  test.  The  effect  of  steam 
on  Compositions  is  frequently  tested,  but  if  satisfactory 
heat  and  absorption  tests  are  carried  out,  the  former 
is  not  really  essential. 

The  tests  which  have  been  described  are  quite 
sufficient  for  commercial  purposes.  When  scientific 
research  work  is  to  be  carried  out.  other  tests  might 
be  added,  such  as  the  coefficient  of  linear  expansion, 
and  thermal  cfniduclivity.  The  classes  of  material 
which  withstand  heat  in  the  best  manner  are  the 
inorganic  cold  moulded  and  the  synthetic  resinous 
protlucts  These  materials  are  used  in  arc  shields  and 
will  stand  high  temperatures,  although  when  the 
composition  reaches  900°  C.  it  is  very  likely  to  become 
afiected.  as  the  water  constituents  arc  liable  to  split 
up.  This  will  happen  only  if  maintained  at  a  high 
temperature  for  too  long  a  time. 

Dielectric  strength. — The  dielectric  strength  of  all 
the  materials  has  to  be  tested  with  the  material  in  various 
conditions  :  first,  as  it  arrives  from  the  makers  ;  then 
other  specimens  after  immersion  in  water;  and,  lastly, 
after  immersion  in  oil.  It  is  necessary'  to  perform 
these  tests,  as  the  material  may  be  required  to  put  up 
with  either  of  these  conditions,  and  if  the  liquids  attack 
any  of  the  ingredients  of  the  composition  they  should 
be  avoided.  The  dielectric  strength  of  moulded  comjxi- 
sitions  varies  a  great  deal  with  the  class  of  materials 
employed.  The  moulded  rubber  products  give  the  best 
dielectric  results.  400  volts  per  mil  being  a  goo<i 
average  value.  The  majority  of  other  moulded  com- 
positions do  not  give  verj'  much  more  than  200  volts 
per  mil. 

For  carrj'ing  out  this  test  a  special  test-piece  has 
to  be  made,  having  a  thin  wall  at  the  top  which  gradually 
1  thicker  on  the  way  down.   The  bottom  is  made 

■.  frequently  having  the  maker's  name  moulded 
III  lilt  circumference.  The  cup  is  usually  about  i\ 
inches  high  with  a  base  of  2}  inches  diameter. 

Various  methfxls  arc  cmploye<l  in  carrying  out  the 
breakdown  test.  One  method  is  to  place  the  test-cup 
upon  an  earthed  metal  sheet  and  a  well-fitting  metal 
plug  inside,  and  then  to  apply  the  voltage.  Another 
methiKl  is  to  float  the  cuji  on  mercury  and  pour  a  little 
in.Mde.  tl.  :ig  giMxl  cont.ict.     Both  these  methods 

are  oftci  and  are  very  satisfactory,  providing 

that  the  Imaktlown  voltage  is  low  enough  not  to  Ihish 
(ivt-r  Ihf  side  of  the  cup.  If  this  dots  hap|H-n,  it  is 
to  adopt  another  method  of  jinKcdure,  and 
whitli  IS  used  is  to  imnicisc  the  cup  in 
transformer  oil  and  then  follow  the  same  course  as 
Wfore.  Kvcn  with  the  tc«t-piece  under  oil  it  is  often 
adviitabic  to  inmilatc  the  wire  leading  to  the  inside 
ol  the  cup  in  order  to  prevent  breakdowns  across  the 
«rtl  Ijctween  the  terminals. 

It   i«  1  "irnt  in  work  on  a  commercial  basis 

tliat    ;«    1  \a!u»'   has   to   be   taken   in   a   hurry 

on  •  ■       il,  and  in  nuch  cases  one  is 

un.ii  ('If   use  and   the   breakdown 

ha*  to  !«•  taken  ■  vcnirnt  s]x>t  in  the  sample. 

The»e  arc  vcr)'  •'!'.■  .Jl  that  it  is  nimokt  inipossiblc 

to  get  up  to  a  rtifficirnt  voltage  without  a  flash-over. 


Samples  arc  then  sometimes  ground  thin  to  enable  a 
value  to  be  taken,  but  results  obtained  in  this  manner 
are  not  at  all  satisfactory  and  ver>'  erratic. 

Chemical  tests. — These  are  for  ascertaining  if  the 
material  alworbs  moisture  and  also  the  effect  of  various 
liquids  xiyton  it.  The  most  important  of  these  tests 
is  the  detennination  of  the  percentage  of  water  ateorbed 
in  a  given  time.  For  this  work  any  small  piece  of  the 
material  may  be  used,  although  usually  a  test-cup,  as 
for  the  dielectric  test,  is  ailopted.  The  sample  is  kept 
warm  in  an  oven,  then  weighed  ;  after  this  it  is  immersed 
in  water  (distilled,  for  preference)  and  allowed  to  remain 
for  the  period  desired.  The  most  usual  length  of  this 
test  is  either  12  or  24  honrs.  The  results  should 
contain  the  following  figures  :  (a)  Original  weight  of 
sample  ;  (6)  dry  weight  ;  (c)  saturated  weight  ;  (rf) 
percentage  moisture  al>sorbed  in   .  .   hours. 

Tests  arc  also  carried  out  by  immersing  samples  of 
the  moulded  article  or  test-cup  in  hot  oil  at  70^0°  C. 
for  about  6  hours.  The  chief  object  of  this  test  is  to 
observe  the  effect  of  the  oil  on  the  surface,  and,  as 
mentioned  before,  the  effect  upon  the  dielectric  strength 
of  the  sample.  The  effects  of  hot  oil  are  \'ery  varied, 
but  usually  a  slight  increase  of  weight  can  be  observed, 
and  in  a  great  number  of  cases  the  surface  becomes 
soft  and  slimy.  The  remaining  immersion  tests  are 
to  find  out  the  effect  of  acids  or  alkalis.  The  samples 
are  usually  immersed  for  0  hours.  The  acid  used  most 
often  is  sulphuric  of  specific  gravity  1-4,  and  the  alkali, 
a  20  per  cent  solution  of  sodium  hydroxide.  Dis- 
coloration is  a  very  common  result  of  this  test. 

Mechanical  prof>erties. — The  mechanical  properties 
of  moulded  materials  are  of  vast  imjwrtance.  There 
are  so  many  places  where  the  final  products  can  be 
used  that  the  makers  have  to  realize  that  their  pieces 
may  have  to  withstand  varied  kinds  of  stresses,  com- 
pressive, tensile  or  shear.  It  is  very  necessary  to 
insist  on  these  tests  l>eing  taken,  and  at  the  same  time 
it  should  be  observed  how  the  material  stands  up  to  a 
machine  tool  and  dies  for  cutting  threads,  etc.  Wherever 
it  is  possible,  machining  is  not  done,  as  the  moulded 
pieces  can  l>c  made  witli  very  great  accuracy,  but 
even  now  it  is  vcr>*  often  necessary.  However,  it 
is  essential  that  these  proj>erties  should  l)e  investi- 
gated when  the  other  tests  are  lx?ing  done.  The  stresses 
to  which  the  material  is  subjected,  are  as  follows  : 
(a)  Tensile  strength  ;  {b)  compressive  strength ;  {c) 
transverse  strength  ;  (d)  shear  strength  ;  (e)  effect  of 
impact.  Any  ordinary  testing  machine  can  be  cm- 
ployed  for  this  work,  providc-d  that  it  is  sensitive  and 
does  not  api>ly  the  load  at  too  great  a  rate.  Some 
authorities  state  that  the  weight  of  loading  should  l>e 
between  3  mm.  ami  (>  mm.  |)er  minute,  but  gtnid  results 
can  lie  obtained  with  loading  at  rates  a.1  high  as  0  mm. 
per  minute. 

Tensile  tests. — For  tensile  testing  there  arc  two  kinds 
of  test-pieces  used.  The  first  tyjie  is  either  moulded 
or  cut  out  from  a  sheet  of  material,  and  is  the  same 
shape  as  that  usc<l  on  striji  met.il.  11  the  sample  is 
cut  from  a  sheet,  great  larr  must  be  taken  to  have 
even  crdges,  c»j>eiially  on  curves. 

The  »i>cciincn  is  cut  having  broad  ends  and 
waisted  in  the  middle.      There  arc  no  jiartiiulai  dimcn- 
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sions  for  this  t\-pe,  as  the  shape  has  not  been  standard- 
ized. If  the  sheet  of  the  material  is  large  enough,  a 
test  lar  of  total  length  of  i8  inches  having  3  inches 
each  end  ;'or  gripping  and  a  12  inch  test  length,  is  a 
very  good  size,  the  curve  radius  in  this  case  being 
3  inches,  which  is  quite  large  ;  the  smaller  this  radius, 
the  greater  is  the  risk  of  the  specimen  breaking  at  the 
neck.  The  question  of  samples  breaking  at  this  point 
is  ver\-  important,  because  if  it  should  occur  it  makes 
the  measurement  of  elongation  impossible,  and  with 
elastic  materials  this  qiiestion  is  one  which  has  to  be 
fixed.  In  fact,  test-pieces  of  this  class  are  not  very 
satisfactory'  on  this  account.  Their  chief  advantage  is 
that  they  can  be  adapted  to  the  ordinar\-  type  of  friction 
grips  which  are  always  supplied  with  testing  machines. 
The  second  shape  of  tensile  test-piece  is  the  same  style 
as  is  always  used  in  testing  cement  blocks,  and  it  is 
this  shape  which  has  been  adopted  by  the  American 
Committee.  This  test-piece  can  most  easilv  be  described 
as  a  solid  figure  8  ;  special  grips  of  hardened  steel 
have  to  be  made  for  this  shape.  This  method  of  testing 
the  tensile  strength  is  more  satisfactory  than  the  one 
previously  mentioned  on  account  of  the  fact  that  the 
breaking  point  is  bound  to  occur  in  the  correct  place, 
also  the  test-pieces  are  J  inch  thick  and  hence  the 
figures  obtained  are  a  better  average  value  than  those 
taken  from  a  thin  sheet. 

Tensile  tests  are  taken  with  the  material  under  various 
different  conditions,  in  order  to  see  how  the  strength 
is  affected.  Samples  are  heated  to  a  temperature  a 
few  degrees  below  their  softening  point  and  pulled 
while  hot,  also  specimens  which  have  been  immersed 
in  w^ater  for  certain  periods  of  time  are  subjected  to 
similar  treatment.  The  results  of  the  tests  can  be 
given  as  desired  ;  usually  figures  are  stated  per  square 
inch.  It  is  impossible  to  give  any  figures  of  the  tensile 
strength  of  such  materials,  as  the  differences  are  very 
great  and  var\'  from  a  few  hundred  pounds  up  to  as 
high  as  40  tons  per  square  inch. 

Compression  tests. — The  only  satisfactory  shape  of 
specimen  for  compression  tests  is  a  cube.  The  size 
of  the  cube  does  not  matter  a  great  deal  so  long  as  it 
is  of  ordinary  dimensions.  The  most  usual  form,  of 
course,  is  to  have  a  i-inch  cube.  The  rate  of  loading 
and  treatment  of  test-pieces  are  the  same  as  in  the 
case  of  the  tensile  pieces. 

Transverse  test. — The  best  samples  for  transverse 
testing  are  those  adopted  by  the  American  Committee. 
The  test-piece  is  in  the  shape  of  a  rectangular  block 
5  inches  x  J  inch  x  ^  inch.  This  is  supported  on  centres 
4  inches  r.part  and  the  pressure  is  applied  in  the  middle 
of  the  span  by  a  wedge-shaped  comprsssion  grip.  The 
load  is  applied  in  the  usual  way  until  the  specimen 
breaks.     The  results  are  ■:riven  in  terms  of  fibre  stress 


per  inch,  that  is,  the  stress  in  the  fibre  which  is  calculated 
3PL 
2  B  D-' 


from  the  formula  S  : 


where     S=  fibre  stress, 
P=load, 

L=  distance  between  supports, 
B^  width  of  test  piece, 
D=; depth  of  test-piece. 

Shear. — The  test  for  sheanng  moulded  compositions 
is  not  very  often  done,  but  some  good  results  have  been 
obtained  on  the  following  apparatus.  The  test-piece, 
which  is  a  rectangular  slab  about  5  inches  X2j  inches, 
is  bolted  by  means  of  a  steel  piece,  or  to  another  steel 
block,  so  that  an  equal  amount  projects  at  each  side. 
This  is  then  placed  on  another  steel  block,  which  consists 
of  two  pieces  mounted  on  a  base,  having  two  pms  in 
it  to  guide  the  original  block.  The  first  block  is  then 
placed  on  the  double-sided  base,  so  that  the  test-piece 
rests  on  the  edges.  When  pressure  is  apphed  to  the 
top  block  it  forces  it  down  between  the  two,  at  the  same 
time  shearing  the  specimen  at  each  side.  The  area 
sheared  is  then  measured  and  the  result  given  in 
pounds  per  square  inch.  The  arrangement  of  the 
apparatus  is  shown  in   the  diagram  herewith. 


•  ■f^ 


m^i\ 


f~  'I' 


}— Test  piece 


Shear  test  apparatus. 

Impact  test. — The  effect  of  impact  is  tested  in  the 
same  manner  as  with  metals,  on  notched  specimens. 

Adniiralty  heat  test  (special  test). — In  this  test  a 
certain  length  of  moulded  composition  is  clamped  at 
one  end,  lea\-ing  the  other  end  protruding,  thus  forming 
a  cantilever.  This  is  placed  in  an  oven  for  two  hours 
at  70°  C.  At  the  extreme  end  of  the  arm  a  weight  is 
hung,  and  the  total  permanent  deflection  is  measured. 
The  amount  which  is  allowed  varies  with  different 
specifications. 

The  tests  which  have  been  mentioned  include  aU 
the  important  methods,  and  other  special  tests  some- 
times carried  out  are  not  worth  mentioning  because 
they  varj'  with  the  sample  in  hand.  It  is  very  often 
necessary  to  get  some  details  of  some  property  of  a 
composition  in  a  short  time,  in  which  case  the  tests 
have  to  be  carried  out  on  the  moulded  piece  itself,  and 
from  this  fact  it  can  easily  be  seen  that  each  test  is 
different  from  others. 
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CABLE  TESTING  IX  MINES. 


By  E.  A.  GuTHRit:,  Student. 
{Paper  read  before  th:  North-Western  Students'  Section.  5  March,  1919.) 


General. 

During  the  past  few  years  much  has  been  written, 
and  still  more  has  been  said,  on  the  subject  of  "  Cable 
Breakdowns  and  Cable  Faults  in  Mines,"  but  the  matter 
is  one  of  the  uttermost  importance  owing  to  the  increase 
in  the  demand  for  electricity  for  mining  purposes  and, 
in  the  case  of  alternating-current  sj'stems,  to  the  higher 
voltage  now  used  in  many  mines  in  this  country  and 
abroad.  In  most  cases  cables  do  not  give  much  trouble, 
and  the  majority  of  cable  breakdowns  that  do  occur 
arise  from  most  simple  causes  and  could  easily  be 
avoided  if  installations  were  installed  with  care  and 
skill  and  tested   from   time  to  time. 

Cable  Faults. 

Cibles  are  always  tested  before  leaving  the  cable 
factory,  so  that  the  chances  of  a  manufacturing  fault 
being  ovcrliHiked  before  despatch  can  be  considered  to 
be  practically  nil. 

Ic  is  subsequent  to  installation,  during  installation, 
and  while  connecting  up  that  cable  faults  are  most  likely 
to  occur,  and  these  may  be  considered  in  detail. 

Subieqiunt  to  Installation. — Under  this  heading,  causes 
leading  to  trouble  may  be  considered  to  be  (i)  mechan- 
ical damage  :    (i)  electrical  effects  ;    (3)  chemical  action. 

(1)  Mechanical  damage  in  transit,  etc.,  calls  for  no 
comment  other  than  the  importance  of  careful  and 
systematic  testing  to  detect  such  damage  should  it 
exist. 

(2)  Electrical  troubles  may  occur  from  excessive 
voltage,  excessive  current,  leakage  current,  and  external 
heating. 

I'.xcciiive  voltage. — Under  the  conditions  which  are 
usually  found  in  mines  it  is  improbable  that  pressure- 
Hurges  will  reach  such  a  value  iis  to  ilaniage  the  cables, 
but  in  some  remote  and  exceptional  cases  lightning 
striking  apparatus  on  the  surface  of  a  mine  ap|K:ars 
to     have    (Lamagcil     cables     and     apparatus     undcr- 

Pr  ■ 

current. — The  factors  which  determine   the 

I  ibles  are  vari.ible  and  numerous, 
;.  to  r<in»idcr  c.^ch  cise  on  its 
r                                        IS.      lireakdowns    due    to    overload 

I I  ■!  known  but  only  occasionally,  and 
very  rarely  lake  place. 

I^nhaf'r  '  'Ttr,,!  -I^ak-igccurrcnt  troubles  have  been 
found  to  1  ff'im  Icalo-igr  from  the  conductors 

I    ■ '   HI   ii.i    .    ''     ■■     'f    and  in  some  cases  from 

<  'iirces      1  irrcnt"!  jfivc  rise  to  second- 

ary  '  ■  h  111    ni  ■  ions 

Tli'      ,  a    of    c.i-  ■>  V    of    earth 


(   conductors,   and   automatic   electric   protection    [Regu- 

{   lations  125a  ;    125^; ;    129c  (iv)  and  i28f^  are  all  matters 

,  so  inseparably  interwoven  that  they  may  be  considered 

I   collectively  in  connection  with  this  paper.     The  objects 

aimed   at   are    prevention   from   shock,   open   sparking 

and  overheating.     In  dcahng  with  concentric  svslcms, 

current  on  exposed  conductors  should  be  restricted  to 

a  minimum,  say  to  that  necessary  for  operating  switches 

on  some  leakage-protection  arrangement. 

'        If  a  whole  system  can  be  automatically  and  instan- 

^   taneously   made   "  dead  "   when   a   leakage  of  current 

of  considerably  less  than  i  ampere  takes  place,  it  follows 

I   that  damage  due  to  leakage-current  effects  would  be 

reduced     to     practically     nil.     .\lso     the     Regulations 

dealing    with    the    conducti\nty    of    earth    conductors 

'    might     be     worth     reconsideration — the     question     of 

mechanical  strength  l)eing  of  course  on  quite  another 

plane. 

I'rotection  from  shock  to  a  large  extent  depends  on 
sound  earthing.  In  the  early  days  of  the  use  of  elec- 
'  tricity  in  mines,  earthing  was  effected  by  sinking  local 
earth-plates  wherever  a  motor  was  installed.  Later,  the 
essential  factor  was  to  earth  the  electrical  system  at  one 
point — the  midvoltage  point  of  a  direct-current  s\stem, 
or  the  neutral  point  of  a  polyphase  system.  A  system 
of  automatic  leakage  protection  is  now  used  in  most 
mines  and  supersedes  the  old  methjds. 

It  will  readily  be  appreciated  that  earth  protection 
systems  should  be  frequently  tested  and  inspected. 

External  heating. — Probably  one  of  the  most  prohfic 
sources  of  trouble  in  cable  installations  in  connection 
with  mines  comes  from  external  heating.  In  some 
instances  cables  have  been  carefully  laid  undcrpround 
between  the  supjily  station  and  the  mine  and  have  l>een 
found  to  Ik?  damaged  owing  to  steam  or  exhaust  pipes 
being  laiil  near  to  or  across  their  track  ;  and  for  thb 
reason  in  many  instances  overhead  cables  are  used 
between  the  supply  station  and  the  mine.  Such  over- 
head cables  arc  usually  installed  by  being  slung  from  a 
suspension  rope. 

(3)  Chemical  action. — Electrochemical  action  takes 
place  in  the  development  of  most  cable  faults,  but  can 
be  considered  to  W  a  secondary  effect  in  the  develop- 
ment of  the  largf  majority  of  cable  troubles,  ami  it  often 
deslrovs  all  evidence  of  the  piiniary  cause  of  a  f.iult, 
thus  teniling  to  lead  the  investigator  to  a  mistaken 
I   conclusion. 

I  Effects  of  Cable  Faults. 

I  Inn  11,^  ll^^/a//lJ/lOl^— One  of  the  chief  mistakes  inex- 
j>erienced  men  make  when  handling  cables  is  that  they 
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do  not  appreciate  that  cables  will  not  stand  twisting. 
Most  cables  will  stand  a  fair  amount  of  rough  handUng 
and  some  degree  of  bending.  The  most  prevalent 
source  of  trouble  is  twisting,  and  during  the  installation 
in  mines  of  shaft  and  roadway  cables  every  care  must 
be  exercised  to  ensure  that  no  "  twisting  "  or  "  kinking  " 
takes  place,  as  otherwise  trouble  will  probably  occur 
when  the  cables  are  tested  before  being  placed  in 
commercial  ser\dce. 

Cables  have  often  to  be  installed  under  severe  and, 
in  most  cases,  unfavourable  conditions  ;  for  example, 
roadway  cables  are  often  extremely  difficult  to  handle 
and  install.  In  such  cases  cable-sagging  and  dragging 
along  the  ground  should  as  far  as  possible  be  avoided. 
Often  in  mines  a  number  of  men  have  to  carri,-  a 
cable  some  distance  underground  over  rough  ground 
and  around  corners,  and  in  such  cases  t^\^sting  would 
possibly  occur  if  great  care  is  not  taken. 

If,  when  unreeUng,  a  bight  on  the  cable  is  caused,  it 
should  be  removed  by  carefully  reversing  in  order  to 
avoid  "  Idnks  "  wliicli  damage  the  cable  insulation  and 
the  armour. 

In  some  cases  it  is  found  necessar\-  to  un\\ind  the 
cable  from  the  drum  and  to  carry  the  cable  forward 
as  it  is  paid  off.  Tliis  is  o^^■ing  to  the  small  head -room 
generally  to  be  found  in  mines.  Assuming  that  the 
method  used  in  a  particular  case  is  to  unwind  the  cable 
at  the  pit  bottom,  probabl)'  the  quickest  and  simplest 
way  to  place  the  cable  in  position  is  to  lash  it  to  tubs 
spaced  a  convenient  distance  apart.  The  nose  of  the 
leading  cable  or  tub  could  then  be  fixed  to  a  haulage 
rope  and  the  cable  run  forward  in  this  manner  to  the 
position  in  which  it  is  to  be  installed. 

Connecting  up  cables. — Leakage  currents  have  been 
found  from  trims  at  cable  terminals  owing  to  tapes  of 
hygroscopic  material  being  left  in  contact  with  bare 
conductors,  and  this  emphasizes  the  importance  of 
great  care  being  taken  as  regards  detail  effects  when 
connecting  up  cables. 

Joint  boxes,  etc. — Owing    to    the    Mines   Regulations   ' 
naked  hghts  are  not  permitted  in  most  mines  and  it  is 
therefore    necessary    to    use    clamp-tvpe    connections.    ; 
These  should  be  designed  to  clamp  as  manv  individual 
wires  as  possible.     Care  should  be  taken  to  ensure  that 
the  wires  are  well  cleaned,  since  dirty  wires  are  very   ' 
often   a   cause   of  trouble   in   conductor   joints.     Each    ' 
individual   conductor   joint   is   usuallj'   protected   with 
sleeves  or  insulating  tape. 

Joint  boxes  are  usually  filled  vrith.  a  special  compound 
which  is  poured  into  the  box  at  a  fairlv  high  tempera- 
ture after  the  cables  have  been  connected  up,  and  where 
naked  hghts  are  prohibited  it  is  necessary-  to  carry  the 
hot  compound  in  a  specially  designed  bucket  from  the 
place  of  heating  the  compound  to  the  joint  box.  The  ' 
compound  should  be  poured  into  the  joint  box  at  a  ' 
specified  temperature  since,  if  overheated,  excessive  air 
bubbles  will  be  formed  within  the  box,  apart  from  the 
fact  that  joint  boxes  are  designed  to  minimize  the 
trapping  of  air. 

To  conform  -w-ith  the  Mines  Regulations  efi&cient 
electrical  contact  must  be  made  on  the  armouring  of 
cables,  and  for  this  reason  jumper  connections  are 
fitted  across  the  joint  boxes.  I 


Cable  Testing. 

The  object  of  testing  is  to  anticipate  breakdowns  in 
the  incipient  stage.  In  this  respect  it  is  recommended 
that  tests  be  taken,  recorded,  and  compared  systemat- 
ically at  prescribed  intervals,  say  daily,  weekly,  etc. 
If  convenient  the  tests  should  be  taken  under  similar 
conditions. 

Insulation  resistance. — With  the  lengths  of  cables 
usually  met  with  in  mines,  test  sets  of  the  "  Megger  " 
type  are  generally  suitable  for  routine  insulation  testing. 
In  a  test  of  this  nature  the  pressure  should  be  kept 
constant  throughout  the  test.  Also  the  testing  leads 
should  be  themselves  tested  from  time  to  time  for 
insulation  resistance  and  continuity. 

A  method  of  testing  high-tension  alternating-current 
cables  is  shown  in  Fig.   i. 

A  high-tension  electrostatic  voltmeter  is  inserted  in 
the  connection  to  earth  when  the  switch  is  on  "  B  "  ; 
and  when  the  switch  is  on  "  C  "  a  low-tension  alternating- 
current  voltmeter  or  ammeter  is  substituted  for  the 
electrostatic  voltmeter.  From  the  two  readings  the 
leakage  from  the  cores  is  indicated,  \\hen  the  switch 
is  on  "  D  "  a  batterj-  and  insulation-resistance  testing 
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Fig.   I. — Method  of  testing   high-tension  alternating-current 
cables. 


set  is  connected  between  the  cable  test-sheath  and 
earth.  The  condition  of  the  insulation  over  the  sheath 
is  in  this  way  examined,  and  any  exterior  damage  to 
the  cable  becomes  apparent. 

Flash  test. — AVhile  it  is  admitted  that  most  tests  are 
important  the  author  is  of  the  opinion  that  the  "  flash 
test  "  is  the  most  rehable. 

Regulation  No.  124  of  the  Coal  Mines  Act,  1911, 
provides  that : — 

"  A  pressure  test  to  earth  and  between  conductors 
equivalent  to  at  least  t\\-ice  the  maximum  working 
pressure  should  be  apphed  as  far  as  practicable  to 
all  apparatus  intended  for  use  below  ground.  The 
same  test  should  be  apphed  in  the  case  of  repair 
apparatus  before  it  is  again  put  into  ser\ice." 

In  many  cases  the  above  test  is  considered  to  be 
impracticable,  perhaps  because  it  is  not  generally 
known  that  there  exists  a  device  for  carrying  it  out. 
The  rule  may,  howe\er,  be  readily  comphed  wi+h  by  a 
simple  and  portable  unit,  known  as  a  variable-ratio 
transformer  of  the  Cowan-Still  pattern.  The  apparatus 
consist  of  an  alternating-current  induction  regulator 
specially  designed  for  colhery  service  below  ground. 

In  all  high-voltage  testing,  control  of  the  secondary 
pressure  of  the  step-up  transformer  is  essential.     If  the 
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method  adopted  is  that  of  field  N-ariation  of  the  supply 
alternatur,  a  ver\'  wide  range  of  control  is  necessary, 
with  the  attendant  evils  of  a  weak  field  at  low  generator 
pressures.  The  results  are  distortion  of  the  generator 
wave  at  the  transformer  terminals,  and  the  establishing 
of  unstable  conditions.  \'oltage  control  should,  there- 
fore, alwa\"s  be  effected  by  means  of  a  variable-ratio 
transformer,  in  which  case  the  generator  niay  remain 
fully  excited  and  the  necessary  pressure  variation  be 
secured  by  the  simple  rotation  of  the  primary  of  the 
variable-ratio  transformer. 

The  importance  of  a  gradual  rise  of  pressure  for 
cable  testing  cannot  be  over-estimated.  It  is  by  no 
means  uncommon  practice  for  the  full  testing  pressure 
to  be  immediately  applied  when  testing  cables  in  mines, 
with  the  result  that  the  material  under  test  is  subjected 
to  undue  stress. 

Lack  of  suitable  testing  plant  leads  in  many  cases  to 
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avijidahle  breakdowns  and  disastrous  interruptions  in 
the  supply  The  cables  must  be  tested  in  ainformity 
with  (iovernment  regulations,  and  frequently  a  step-up 
tranifurmcr  provided  with  a  number  of  tappings  is  the 
only  testing  apparatus  available.  Severe  conditions 
must,  if  necessary,  then  be  imposed  when  the  full 
pressure  is  immediately  apphcd.  the  numerous  break- 
downs directly  attributable  to  this  cause  bearing 
evidence  of  the   unsuitability  of   the  tests   imjxised. 

The  only  pra<  tic.ll  safe  means  of  testing  and  completely 
avoi.liiig  ;il|  undue  str.iin  is  to  apply  a  gradually  varying 
pressure  from  zero  to  the  m.ixinuim  desirable  value, 
such  control  being  readily  effected  by  the  use  of  a 
variable  ratio  transformer. 

Induction  regulators  arc  variable-ratio  transformers 
suitable  lor  catct  in  which  a  gradually  varying  pressure 
i»  require*].  They  arc  usually  of  the  single  phase 
pattern,  although  capable  of  being  arranged  for  Ihrce- 
pl>a«e  oiK-ration. 

Thr     iii>lii<ti«n     regulator     lias     two     windings,     the 

I  dirccfly  atriiHS  the  supply,  and  the 

•   with   the  cable  to   be  tested.     The 

pf  .sure  IS  applied  from  the  available  source  of  supply 


and,  by  means  of  the  induction  regulator,  is  gradually 
raised  from  zero  to  double  the  working  pressure  on  the 
section  of  cable  under  test   (see  I-'ig.  i). 

The  priman,-  winding  is  arranged  on  a  movable  iron 
core,  somewhat  resembling  that  of  a  two-pole  shuttle- 
wound  armature.  The  core  is  built  up  of  the  best 
quality  sheet-iron  laminations  and  mounted  on  a 
suitable  shaft  tarrying  the  necessary  slip-rings  to 
enable  connection  to  the  windings  to  be  effected. 

The  series,  or  secondary,  winding  is  arranged  in 
slots  on  the  inner  circumference  of  the  stationary 
core,  and  the  movable  core  with  the  primary  winding 
can  be  rotated  round  an  axis  coincident  wiili  the  axis 
of  the  cylindrical  fixed  core,  the  jwsilion  being  adjusted 
either  automatically  or  by  means  of  a  hand-wheel  and 
worm-gear. 

All  variations  effected  in  the  supply  pressure  are 
entirely  due  to  the  change  in  the  angular  {x>sitions  of 
the  two  cores.  I'or  example,  when  the  primary  is  in 
a  vertical  position  the  primary  flux  passes  through  the 
secondary  coils  in  such  a  direction  that  the  maximum 
secondary  electromotive  force  is  induced.  This  electro- 
motive force  either  may  assist  the  line  pressure,  in 
which  case  a  positive  boost  is  effected,  or  may  directly 
opjxjse  the  hne  pressure,  a  negative  or  reverse  boost 
then  resulting. 

The  direction  of  the  boost  depends  upon  the  polarity 
of  the  windings,  since  the  windings  on  both  cores  are 
in  effect  polar  windings.  Thus  with  a  given  pole  of  the 
primary  opposite  a  similar  pole  of  the  secondary  a 
positive  boost  is  obtained,  whereas  when  unlike  poles 
face  each  other  a  negative  boost  results.  When  the 
primary  is  in  a  horizontal  position  the  secondary  voltage 


Kui.  .V 

is  zero  and  the  regulator  has  no  effect  on  the  line  pressure, 
while  between  this  (xisition  and  either  of  the  two 
maximum  positions  any  desired  boosting  effect  can  be 
obtained. 

It  will  be  apparent  that  this  arrangement  gives  a 
much  liner  regulation  than  is  i->ossiblc  with  any  other 
form  of  regulating  device,  as  the  voltage  is  adjusted 
not  in  definiic  steps  but  as  gradually  as  may  W  desired. 

Induction  regulators  for  use  in  mines  arc  supplie«l  in 
the  oil-cooled  pattern.  The  regulator  is  completely 
enclosed  in  a  strong  case  and  the  oiieralion  is  effected 
by  means  of  a  hand- wheel  placed  in  a  convenient  jxisition 
on  the  outside  of  the  case.  Contact  is  effected  with  the 
fixed  and  rotatable  secondary  jwrtions  and  with  the 
secondary  circuit  by  means  of  slip-rings  and  brushes 
s<j  designed  as  to  l>c  incapable  of  breaking  the  circuit 
under  any  circumstances,  and  this  is  of  course  an 
imjMirtant   feature  in  connection   with   mining  work. 

The  regulator  secondary  voltage  may  att.iin  any 
«lcMred  inaxinium  value  within  reason,  bearing  in 
niinil  the  medi.inical  construction  of  the  apparatus, 
and  the  present  practice  is  to  fix  an  upjicr  limit  of  0,600 
volta.     Since  cables  arc   usually  tested   at   double  the 
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working  pressure,  higher  secondary  voltages  than 
6,600  are  seldom  required  when  testing  in  mines,  but 
if  a  higher  testing  pressure  is  desired  this  can  easily  be 
arranged  by  placing  a  step-up  transformer  having  its 
primary  designed  for,  and  connected  in  series  with,  the 
secondary  of  an  induction  regulator  as  shown  in  Fig.  3, 
in  which  S  =  supply  mains.  A  =  induction  regulator, 
and  B  =  step-up  transformer. 

Assuming  the  supply  pressure  to  be  500  volts  and 
the  step-up  transformer  to  have  a  ratio  of  10  to  i,  it 
follows  that  by  means  of  the  induction  regulator  a 
testing  voltage  of  10,000  can  be  got  on  the  secondary- 
side  of  the  step-up  transformer,  and,  further,  this 
voltage  can  be  varied  gradually  from  zero  to  10,000 
volts. 

When  a  step-up  transformer  is  necessary  the  induction 
regulator  is  connected  between  the  supply  and  the 
low-tension  side  of  the  step-up  transformer.  The  supply 
pressure  to  the  low-tension  side  can  be  varied  from 
zero  to  the  maximum  voltage,  and  thus  on  the  high- 
tension  side  o^  the  step-up  transformer  the  pressure  is 
varied  betweeen  zero  and  the  full  voltage  it  is  capable 
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of  giving.  The  cable  to  be  tested  is  connected  in  this 
case  on  the  high-tension  side  of  the  step-up  transformer 
(see  Fig.  4). 

The  induction  regulator  must  not  be  confused  with 
resistance  devices,  choke  coils,  or  transformers  with 
tappings  brought  out  on  either  the  primary  or  the 
secondary  sides.  The  resistance  method  invariably 
involves  loss  of  power,  while  choke  coils  or  reactances 
are  pressure  absorbers,  and  although  nrore  efficient  than 
resistances,  have  a  disastrous  effect  upon  the  power 
factor  of  the  system.  Transformers  with  tappings  have 
the  very  great  disadvantage  that  the  voltage  can  only 
be  varied  in  definite  steps,  and  it  will  be  appreciated 
that  this  method  is  very  dangerous  when  cable  testing 
as  it  may  give  rise  to  dangerous  oscillations  in  the 
cable.  Also  such  transformers  have  to  be  provided 
with  a  very  complicated  switching  device,  which  is  a 
very  objectionable  feature  in  performing  a  test  in  a 
mine  and  is  entirely  eliminated  in  the  induction  regulator. 
Generally  speaking,  the  larger  must  a  transformer  be 
to  deliver  a  given  output  without  overheating.  A 
transformer  designed  for  a  given  output  and  frequency 
can  therefi-re  be  used  on  a  higher  frequency  at  the 
same  output  with  somewhat  reduced  heating.  If 
operated  on  a  lower  frequency  the  transformer  will 
run  hotter.  When  the  frequency  is  reduced  the  flux 
density  in  the  iron  must  be  increased  in    order  to  work 


at  the  same  voltage.  This  sometimes  necessitates  the 
use  of  an  excessive  magnetization  current,  so  that  very 
great  care  should  be  taken  when  connecting  a  trans- 
former to  a  circuit  of  lower  frequency  than  that  for 
which  it  was  designed. 

Naturally  the  induction  regulator  having  an  air-gap 
takes  a  larger  magnetizing  current  than  an  ordinary 
transformer  of  similar  output. 

Induction  regulating  transformers  are  somewhat 
inductive,  and  this  is  a  desirable  feature  when  used  in 
conjunction  with  cables  possessing  capacity,  as  it  pre- 
vents dangerous  oscillations  in  the  cable. 

When  an  induction  regulator  is  used  for  cable  testing 
in  conjunction  with  a  step-up  transformer,  the  capacity 
of  the  induction  regulator  is  only  one-half  that  of  the 
step-up  transformer.  The  primary  of  the  induction 
regulator  would  be  designed  for  the  supply  pressure, 
while  the  secondary  would  be  a  separate  winding 
designed  to  furnish  a  maximum  pressure  equal  to  that 
of  the  primary  of  the  step-up  transformer.  This  latter 
pressure  would,  of  course,  vary  gradually  from  zero  to 
the  maximum,  at  which  value  the  full  output  of  the 
transformer  would  be  secured. 

The  capacity  of  an  induction  regulator  depends  upon 
the  charging  currents  taken  by  the  cable  to  be  tested 
at  the  testing  pressure,  and  this  charging  current  varies 
with  the  length  of  cable,  type  of  dielectric,  etc. 

.\  formula  is  given  below  for  obtaining  the  capacity 
current  per  mile  of  cable  when  various  data  are  available. 
Knowing  the  testing  pressure,  the  frequency  of  the 
system,  and  the  capacity  of  the  cable  in  microfarads,  the 
capacity  current  can  be  calculated  from  the  formula  : 

27TX/XAXf 

Capacity  current  per  mile  = g 

where  /  =  frequency  ;  k  =  capacity  of  cable  per  mile 
in  microfarads  calculated  when  one  core  is  insulated 
and  the  other  cores  are  connected  together  and  earthed  ; 
and  V  =  testing  pressure  between  conductors,  k  can  be 
ascertained  from  the  cable  manufacturers  for  the  size 
and  pattern  of  cable. 

Capacity  current  per  mile  can  be  determined  for 
single-core  cable  from  the  following  formula : 


h  = 


00388  X  e 


f  =  specific  inductive   capacity,  which  is  alout  35  for 
paper-insulated  cables,  and  6  for  rubber-insulated 
cables, 
(fi  =  diameter  over  dielectric. 

d^  =:  diameter  of  conductor  in  inches.  If  the  conductor 
is  made  up  of  a  number  of  strands,  the  diameter 
over  the  strands  should  be  taken. 

When  testing  cables  with  three  cores  it  is  usual  to 
test  one  core  against  the  other  two  cores  connected 
together  and  earthed,  and  it  naay  therefore  be  looked 
upon  as  a  single-phase  test.  It  follows  that  the  above 
formula  gives  the  capacity  current  which  the  induc- 
tion   regulator   would    have    to    carry   when   the    test 
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is  carried  out  under  the  above-mentioned  conditions. 
Since  the  period  of  the  test  need  only  be  of  short  duration 
with  long  intervals  for  cooling,  the  induction  regulator 


CONCLVSION. 

For  cable  testing  in  mines  the  choice  of  apparatus  is 
governed   entirely   by   the  conditions.     The   main  con- 


can  be  rated  for  intermittent  ser\'icc.  I  sidcration  is  that  a  gradually  var\-ing  pressure  is  required 

Fig.  4  shows  the  connections  between   an   induction  so   that   the   cable   under   test   will   be  subjected   to   a 

regulator  and  a  three-phase  cable.     It  will  be  observed  gradual  pressure  increase  from  zero  to  the  maximum 

that  one  core  of  the  cable  is  under  test,  and  the  other  |  testing  value  called  for.     The  author  is  of  the  opinion 

two  cores  not  under  test  arc  connected  together  and   j  that  an  induction  regulator  affords  the  only  solution 

earthed  with  the  armouring  of  the  cable.  |  <,(  the  problem. 
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